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ABSTRACT
The a p p l i c a t i o n  o f  a  de homogeneous e l e c t r i c  f i e l d  on  a  GaAs 
c r y s t a l  w i l l  in d u c e  a  q u a d r u p o l a r  s p l i t t i n g  o f  t h e  n u c l e a r  s p i n  l e v e l s .
T h i s  s p l i t t i n g  has  been  o b s e r v e d  f o r  ^ G a ,  ^ G a ,  and ^ A a  u s i n g  a  p u l s e d  
NMR s p e c t r o m e t e r .  A c o n s t a n t  R-j^ t h a t  r e l a t e s  th e  c o u p l i n g  b e tw ee n  t h e  
induced  f i e l d  g r a d i e n t  and t h e  a p p l i e d  e l e c t r i c  f i e l d  h&3 b e e n  m e asu re d .
The v a l u e s  found were  R j ^ G a )  = 2 .B5 * lO1^ crn - l  a n d R;l!|(Ab) = 3 ,1 6  x 
lQlO cm“ ^ .  These r e s u l t s  a re  i n  d i s a g r e e m e n t  w i t h  a  s i m i l a r  e x p e r im e n t  
done by  G i l l  and  Bioembergen i n  1 9 6 3 , The measured v a l u e s  o f  were  
found t o  b e  i n d e p e n d e n t  o f  t h e  a p p l i e d  e l e e t r i c - f i e l d  s t r e n g t h .  The 
t w o - e l e c t r o n  bond  o r b i t a l  model d e v e lo p ed  by  Huang, M o r i a r t y ,  S h e r ,  and 
B r e c k e n r id g e  has  been  used t o  i n t e r p r e t  t h e  e x p e r i m e n t a l  m e asu re m e n t s .
T h i s  t h e o r e t i c a l  model was e x t e n d e d  i n  tw o  d i f f e r e n t  f a s h i o n s  i n  t h e  d e ­
t e r m i n a t i o n  o f  Hpl ,  The f u l l  t h e o r y  u s e s  s p e c i f i c  s p ^  h y b r i d  w a v e f u n c t i o n s  
t o  f i n d  th e  i n d u c e d  f i e l d  g r a d i e n t  c au s e d  by  a  d i s t o r t i o n  o f  t h e  bond.
The v a l u e  o f  R-j^tAs) c a l c u l a t e d  by t h e  f u l l  t h e o r y  d i f f e r s  from t h e  
e x p e r i m e n t a l  number by  a  f a c t o r  o f  1.1+ w h i l e  t h e  c a l c u l a t e d  P j ^ G a )  i s  
a  f a c t o r  o f  f o u r  t o o  s m a l l .
v i
ELECTRICALLY-INDUCED SHIFTS OF THE 
GALLIUM ARSENIDE NUCLEAR SPIN LEVELS
I .  INTRODUCTION
GaAa i s  a I I I - V  compound b e lo n g in g  to  t h e  s i n c - b l e n d e  s t r u c ­
t u r e  c l a s s . The Ga and As atoms a r e  t e t r a h e d r a l l y  "bound and each n u c l e u s  
l i e s  a t  a s i t e  t h a t  l a c k s  i n v e r s i o n  symmetry.  I t  i s  b e c a u s e  o f  t h i s  lack  
o f  i n v e r s i o n  symmetry t h a t  we a r e  a b l e  t o  observe  a q u a d r u p o ia r  s p l i t t i n g  
o f  t h e  n u c l e a r  s p i n  l e v e l s  when a  homogeneous dc e l e c t r i c  f i e l d  i s  a p p l i e d .  
From t h i s  s p l i t t i n g ,  a  c o n s t a n t  R ^  t h a t  r e l a t e s  t h e  a p p l i e d  e l e c t r i c  
f i e l d  and t h e  induced  f i e l d  g r a d i e n t  can be d e te rm in e d .
In  p r i n c i p l e ,  t h i s  ex per im en t  may "be c a r r i e d  o u t  in  a l l  t h e
I I I - V  compounds and o t h e r s  w i th  z l n e - b l e n d e  s t r u c t u r e  t h a t  have n u c l e a r  
s p i n s  I 1 .  GaA3 i s ,  however* a  p a r t i c u l a r l y  good ch o ice  fo r  s e v e r a l  
r e a s o n s .  F i r s t ,  i t  i s  a v a i l a b l e  in  a  h igh  r e s i s t i v i t y  form which i3  
n e c e s s a r y  i n  o r d e r  t o  apply  l a r g e  e l e c t r i c  f i e l d s  a c r o s s  I t ,  Second, the  
n u c l e a r  r e so n a n c e  i s  r e l a t i v e l y  na r row ,  w h i le  a t  t h e  same t im e  th e  n u c l e a r  
quad rupo le  moments a r e  f a i r l y  l a r g e .  This  means t h a t  th e  s p l i t t i n g  
caused  by t h e  a p p l i e d  e l e c t r i c  f i e l d  can he made l a r g e r  t h a n  t h e  l i n e -  
w i d t h ,  and t h e r e f o r e  t h e  s p l i t t i n g  i s  c ap a b le  o f  b e in g  o b s e r v e d .  Heavy 
i s o t o p e s  ( e . g , ,  3b) have  a l a r g e r  i n d i r e c t  sp in  exchange i n t e r a c t i o n  t h a t  
b ro a d e n s  t h e  l i n e v i d t h .
S e v e r a l  p e o p l e  p r i o r  t o  t h i s  t ime  have done t h i s  ex p e r im en t  on
1 ■£G&As. G i l l  a n d  Bloembergen ' { h e r e a f t e r  r e f e r r e d  t o  as GB) measured  
what a r e  known as  t h e  s t a t i c  R ^ c o n s t a n t s .  The te rm  s t a t i c  i s  u s ed  when
2
3a  do e l e c t r i c  f i e l d  i s  a p p l i e d .  A n o th e r  g r o u p ,  B ru n ,  M a h le r ,  Mahan, and 
P i e r c e ^  ( h e r e a f t e r  r e f e r r e d  t o  afl BMMP), measured  t h e  dynamic R ^ con ­
s t a n t s  by a p p l y i n g  an ac  e l e c t r i c  f i e l d .  Our work w i l l  c o n c e n t r a t e  on 
r e - e v a l u a t i n g  t h e  s t a t i c  R ^  v a l u e s ,
I n  t h e  e x p e r im e n t  done by  GB, a c o n t i n u o u s  vave  (ew) n u c l e a r  
m a g n e t i c  r e s o n a n c e  (NMR) s p e c t r o m e t e r  was U E e d .  E l e c t r i c  f i e l d s  o f  a p ­
p r o x i m a t e l y  20 ,0 0 0  V/cm were s u s t a i n e d  a c r o s s  t h e i r  GaAs c r y s t a l .  OB t h e n  
p ro ceed ed  t o  f i n d  two a b s o r p t i o n  c u r v e s  f o r  each  i s o t o p e ,  one  a t  aero  
e l e c t r i c  f i e l d  and t h e  o t h e r  a t  t h e  h ig h  e l e c t r i c  f i e l d *  The f r e q u e n c y  
s p l i t t i n g  be tw een  t h e s e  two c u r v e s  was m e asu re d ,  b u t  t h e  inhomogeneous 
e l e c t r i c  f i e l d  t e n d e d  t o  b r o a d e n  t h e  s a t e l l i t e s ,  making  an a c c u r a t e  
s p l i t t i n g  measurem ent  d i f f i c u l t .  GB a l s o  t r i e d  m e a s u r i n g  t h e  c o n t r i b u t i o n  
t o  t h e  e l e c t r i c  f i e l d  g r a d i e n t  due t o  p i e s o e l e c t r i c  s t r a i n  b u t  found  t h a t
i t s  c o n t r i b u t i o n  was l e s s  t h a n  1% o f  t h e  R, , c o n t r i b u t i o n .lb
□B worked o u t  a t h e o r y  t o  p r e d i c t  t h e  v a l u e  o f  * They
s t a t e d  t h a t  t h e  c o n t r i b u t i o n  t o  t h e  induced  f i e l d  g r a d i e n t  was caused
f i r s t  o f  a l l  by a  p h y s i c a l  d i s p l a c e m e n t  o f  one a to m ic  s u h l a t t i c e  r e l a t i v e  
t o  t h e  o t h e r .  S e c o n d l y ,  t h e  a p p l i e d  e l e c t r i c  f i e l d  c a u s e d  a  d i s t o r t i o n  
o f  t h e  v a l e n c e  o r b i t a l s  s u r r o u n d i n g  e a c h  n u c l e u s ,  a g a i n  c o n t r i b u t i n g  t o  
t h e  induced  g r a d i e n t .  They u s ed  e x p e r i m e n t a l  v a l u e s  d e t e r m i n e d  from 
o t h e r  e x p e r i m e n t s  w i t h i n  t h e i r  t h e o r y .  The a g re em e n t  be tw een  t h e i r  e x ­
p e r i m e n t a l  v a l u e s  and t h e i r  t h e o r e t i c a l  v a l u e s  was good.
BMMP, a s  ment ioned  above ,  m easured  t h e  dynamic  R ^  v a l u e s .  They 
v a r i e d  an e x t e r n a l l y  a p p l i e d  e l e c t r i c  f i e l d  a t  tw i c e  t h e  Larmor f r e q u e n c y t
w hich  a l s o  v a r i e d  t h e  f i e l d  g r a d i e n t s  a t  th is  frequency and the reby  i n ­
duced  n u c l e a r  s p i n  t r a n s i t i o n s  o f  i  m - +2, Using a  p u l s e d  NMR 
s p e c t r o m e t e r , t h e y  o b se rv ed  th e  qimdrupole s p l i t t i n g  "by sampl ing t h e  
n u c l e a r  m a g n e t i s a t i o n .  In o r d e r  to  determine they  needed t o  Itnow
t h e  n u c l e a r  q u ad ru p o le  moment Q* th e  sp in  l a t t i c e  r e l a x a t i o n  t ime T ,
t h e  e l e c t r i c  f i e l d  E , and  t h e  l in ew id th  J  U> . Combining th e se  para ra-z
e t e r a  w i th  t h e  measured m a g n e t i s a t i o n  * they found F ^ . No f u r t h e r  d e ­
t a i l s  abou t  t h i s  ex per im en t  w i l l  be given here. A compar ison  o f  t h e i r  
r e s u l t s  w i th  o u r s  w i l l  be  d i s c u s s e d  i n  Chap, IV.
The main m o t i v a t i o n  o f  t h i s  research was to  f i n d  a  c l o s e r  
ag reem en t  b e tw ee n  th e  R ^ c o n s t a n t s  measured for t h e  two Ga I so to p es  
t h a n  d id  GB. The rea so n  f o r  t h i s  i s  t h a t  R  ^ ia a  n e c e s s a r y  pa ram ete r  
f o r  t h e  model o f  q u ad ru p o le - in d u ced  NMR line  broadening used  in  t h i s  l a b .  
To d e te r m in e  we used  a  pu lsed  NMR spectrometer t o  F ind  a  Free i n ­
d u c t i o n  decay and  th e n  a p p l i e d  a s imple  nwdel to f i t  to  t h e  d a ta  t o  
e x t r a c t  a Frequency  s h i f t .  (The d e t a i l s  of th is  e x p e r i m e n t a l  p rocedu re  
w i l l  be  d i s c u s s e d  in  Chap* I I I . )  Th is  experiment was r e p e a t e d  in  200 V 
in c r e m e n t s  be tw een  0 and 2000 V, By varying the v o l t a g e *  we ne t  on ly  
o b t a i n e d  b e t t e r  s t a t i s t i c s  on  bu t  we also v e r i f i e d  t h e  l i n e a r  r e l a ­
t i o n s h i p  b e tw ee n  t h e  f r eq u e n cy  s h i f t  and the applied e l e c t r i c  f i e ld *
T h i s  l i n e a r  r e l a t i o n s h i p  w i l l  be demonstrated and d i s c u s s e d  in  g r e a t e r  
d e t a i l  in  Chapa. I l l  end IV.
We were  a l s o  a b l e ,  by the  use  of a very s im ple  model, t o  show 
t h e  r e s u l t  o f  e l e c t r i c  f i e l d  inhoaogenei t iea  caused by f r i n g i n g  e f f e c t s *
5The e f f e c t  o f  t h e s e  f r i n g i n g  f i e l d s  becomes a p p a r e n t  in one o f  th e  
p a r a m e te r s  (A^) used  t o  f i t  t h e  d a t a ,  Using our  simple model,  q u a n t i ­
t a t i v e  e s t i m a t e s  o f  t h e  a i a e  o f  t h e s e  inhomogenecuB f i e l d s  a r e  p ro v id e d .
We a l s o  make a  q u a l i t a t i v e  argument abou t  t h e  r e l a t i o n  between A^ and 
t h e  f r i n g i n g  f i e l d s  i n  Chap, IV, a lo n g  w i th  t h e  c o r r e sp o n d in g  c o n f i rm in g  
e x p e r i m e n t a l  r e s u l t s .
We a l s o  c a r r i e d  o u t  a  t h e o r e t i c a l  c a l c u l a t i o n  oT t h e  R ^  con­
s t a n t s .  We u s e d  a  d i f f e r e n t  model from t h a t  o f  GB however,  t h a t  i s
baaed  on t h e  t v o  e l e c t r o n  bond  o r b i t a l  model developed by Huang, M b r i a r t y ,
b 5S h e r ,  and B r e c k e n r id g e  and l a t e r  r e f i n e d  by Huang, M o r i a r ty ,  and Eher
( h e r e a f t e r  r e f e r r e d  t o  aa HMS}. Al though we d id  use  a d i f f e r e n t  model ,
we t r i e d  t o  keep  our  a p p ro a c h  a s  c l o s e  t o  (iB's a s  p o s s i b l e  i n  o r d e r  t o
compare th e  two r e s u l t s .  With t h i s  i n  mind, much o f  the  n o t a t i o n  developed
by GB h as  b e e n  r e t a i n e d .  The p r im ary  method t h a t  OB used was t o  d e r i v e
a t h e o r e t i c a l  e x p r e s s i o n  f o r  R ^  in  te rm s  o f  known ex p e r im en ta l  p a r a m e te r s .
We used  two methods .  F i r s t ,  l i k e  GB we expressed  one o f  our  
two unknown m a t r i x  e l e m e n t s  in  t e rm s  o f  on ex p e r im en ta l  number w h i le  we 
c a l c u l a t e d  t h e  second one  u s i n g  t h e  v a v e f u n c t i o n s  provided  by aur model.  
Second,  u s i n g  no e x t e r n a l  e x p e r i m e n t a l  p a r a m e t e r s ,  except  t h o s e  used  in  
t h e  b o n d - o r b i t a l  tr*>del, we c a l c u l a t e d  d i r e c t l y .  The d e t a i l s  and 
r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  found in  Chap, I I .  The t h e o r e t i c a l  
ag reement  t o  o u r  e x p e r i m e n t a l  numbers i s  rem arkab ly  good c o n s i d e r i n g  t h e  
s im p le  model t h a t  was u s e d .  The l i m i t a t i o n s  o f  t h e  model and f u t u r e  
improvements  t h a t  can b e  made on i t  a r e  d i s c u s s e d  in  Chap. IV,
I T , THEORY
A. Background
The e f f e c t  t h a t  we a r e  i n t e r e s t e d  i n  d e s c r i b i n g  i s  t h e  c o u p l i n g  
between an a p p l i e d  e l e c t r i c  f i e l d  and an  in d u ced  f i e l d  g r a d i e n t  i n  a  GoAs 
c r y s t a l .  T h i s  c o u p l i n g  i s  e x p r e s e e d  i n  te rm s  o f  t h e  c o n s t a n t  R ^ which 
i s  a c t u a l l y  a component o f  a  t h r e e  d i m e n s i o n a l  t e n s o r *  E x p e r i m e n t a l l y t 
t h e  a p p l i c a t i o n  o f  a m a g n e t i c  f i e l d  s p l i t s  t h e  n u c l e a r  s p i n  l e v e l s  i n t o  
fou r  l e v e l s  e q u a l l y  s p a c e d  in  f r e q u e n c y ,  w h i l e  an e x t e r n a l l y  a p p l i e d  dc 
homogeneous e l e c t r i c  f i e l d  c a u s e s  t h e  s a t e l l i t e  e p a c l n g s  t o  be  f r e q u e n c y  
s h i f t e d  away f rom  th e  c e n t r a l  sp ac in g *
In o r d e r  to  c a l c u l a t e  t h e  n u c l e a r  q u a d r u p o l a r  s h i f t s ,  we employ 
th e  f o l l o w i n g  w el l -known e x p r e s s i o n  f o r  t h e  n u c l e a r  q u a d r u p o le  i n t e r a c t i o n
e l e c t r i c - f i e l d - g r a d i e n t  t e n s o r  a t  t h e  n u c l e u s .  A m a t r i x  e lem en t  o f  t h e
u
f i e l d  g r a d i e n t  in d u ced  a t  t h e  n u c l e u s  by  an e x t e r n a l  e l e c t r i c  f i e l d  E
1
where Q i s  t h e  n u c l e a r  q u a d r u p o l e  moment, I t h e  n u c l e a r  s p i n  and  e?f t h e
( I I . 2)
7The f i r s t  t e rm  on t h e  r i g h t  hand s i d e  o f  eqn .  11,2 i s  t h e  con tr ibu t ion
t o  t h e  In d u c e d  f i e l d  g r a d i e n t  a t  c o n s t a n t  s t r a i n .  The second term ia
t h e  c o n t r i b u t i o n  due t o  p i e z o e l e c t r i c  s t r a i n *  In  o r d e r  t o  determine
1 2t h i s  p i e z o e l e c t r i c  c o n t r i b u t i o n ,  G i l l  and Blocmbergen * f i r s t  applied 
a  c o m p r e s s iv e  s t r e s s  a lo n g  t h e  c r y s t a l l i n e  f i l l ]  d i r e c t i o n  and t r ied  to  
o b s e r v e  t h e  c o r r e s p o n d i n g  change i n  l i n e s h a p e .  They obse rved  none and 
t h i s  s e t  an u p p e r  l i m i t  on t h e  v a l u e  o f  which i s  one  o f  the non­
v a n i s h i n g  t e r m s  o f  t h e  p i e z o e l e c t r i c  t e n s o r ,  {The Voig t n o ta t io n  is
g
used  h e r e ,  i . e .  x = 1 ,  y  = 2 ,  s  = 3,  yz  z x = 5 ,  and xy = 6. ) The
q u a n t i t y  d ^  i s  t h e  p i e z o e l e c t r i c  c o n s t a n t ,  which i s  r e l a t e d  to  the in ­
duced  s u r f a c e  c h a r g e .  When t h e y  a p p l i e d  t h i s  com press ive  s t r e s s ,  they 
In d u ced  a  s u r f a c e  c h a r g e  t h a t  t h e y  measured  w i th  a  b a l l i s t i c  galvanometer* 
T h e i r  r e s u l t s  i n d i c a t e d  t h a t  t h e  p r o d u c t  S j ^ d ^  added a  frequency s h i f t  
w h ich  was l e s s  t h a n  1% o f  t h e  c o n t r i b u t i o n .  This p i e z o e l e c t r i c  s t r a i n  
t e r m  w i l l  b e  i g n o r e d .
The f i e l d  g r a d i e n t s  a r e  t h e r e f o r e  g iven  by
3  ^  f t * 4 - 3 )  ( n - 3 >
H* i s  a  t h i r d  r a n k  t e n s o r ,  b u t  b e c a u s e  o f  t h e  T.  symmetry o f  the c r y s t a l ,i  Jk d
t h e  o n l y  n o n - v a n i s h i n g  components a r c  \ h  * H25 = *36-
The a p p l i c a t i o n  o f  an  e x t e r n a l  e l e c t r i c  f i e l d  a long  the crys­
t a l l i n e  [ i l l )  d i r e c t i o n  i n d u c es  a  f i e l d  g r a d i e n t  a x i a l l y  symmetric about 
t h i s  d i r e c t i o n .  The [ l l l l  d i r e c t i o n  i s  thus  a  p r i n c i p a l  a x i s  for this
ef i e l d  g r a d i e n t  s y s te m ,  and a f t e r  a  p r i n c i p a l  a x i s  t r a n a f o r m a t I o n  t h e  
f i e l d  g r a d i e n t s  a r e  d e s c r i b e d  by
where z i s  new i n  t h e  [ i l l ]  d i r e c t i o n  and  E , „.  i s  d e f i n e d  aa E *111 z
The p u rp o se  o f  t h e  f o l l o w i n g  t h e o r e t i c a l  d i s c u s s i o n  i s  t o  t r a n s ­
l a t e  t h e  work done by GB i n t o  t h e  lan g u ag e  o f  t h e  t w o - e l e c t r o n  b o nd-
t i o n ,  an a t t em p t  i s  made t o  m a i n t a i n  w h e re v e r  p o s s i b l e  t h e  n o t a t i o n  and 
language used  by GB, in  o r d e r  t o  f a c i l i t a t e  t h e  c o r r e sp o n d e n c e  between 
t h e  two works f o r  t h e  r e a d e r .
t r i b u t l o n s  to  t h e  induced  f i e l d  g r a d i e n t .  One i s  due t o  a  p h y s i c a l  d i s ­
p lacement  o f  t h e  Ga s u b l a t t i c e  r e l a t i v e  t o  th e  As s u b l a t t l c e  w i th  t h e  
e l e c t r o n  charge  d i s t r i b u t i o n  h e ld  c o n s t a n t .  This  c o n t r i b u t i o n  i s  c a l l e d  
the  i o n i c  p o r t i o n .  *nie o t h e r  i s  due t o  a  d i s t o r t i o n  o f  t h e  v a len c e  
o r b i t a l s  around each  n u c l e u s  t h a t  i n t r o d u c e s  a  ch a rg e  s h i f t  be tween t h e  
two s u b l a t t i c e s  f o r  c o n s t a n t  s p a c i n g .  GB c a l l e d  t h i s  t h e  c o v a l e n t  p o r t i o n .  
Each c o n t r i b u t i o n  i s  t r e a t e d  I n d e p e n d e n t l y ,  and t h e  f i n a l  r e s u l t s  a r e  
added t o g e t h e r .  The i o n i c  p o r t i o n  i s  a  s t r a i g h t f o r w a r d  c l a s s i c a l  p rob lem,  
and o n ly  a  b r i e f  rev iew  o f  t h e  work done by  GB i s  g iv e n  in  Sec .  B.
The c o m p le x i ty  o f  t h e  c o v a l e n t  p o r t i o n  o f  t h e  c a l c u l a t i o n *  
however,  more than  makes up f o r  th e  s i m p l i c i t y  o f  t h e  i o n i c  p o r t i o n .  In
o r b i t a l  model ( h e r e a f t e r  c a l l e d  BOM) Since  t h i s  work i s  a t r a n s l a ^
An e l e c t r i c  f i e l d  a p p l i e d  t o  t h e  c r y s t a l  g i v e s  r i s e  t o  two eon-
9c u r  work ,  s p e c i f i c  wave f u n c t i o n s  found  In t h e  BOM a r e  used  i n  a  p e r t u r b a ­
t i o n  c a l c u l a t i o n *  Because o f  t h e  v e r y  d i f f i c u l t  n a t u r e  o f  t h e  p rob lem ,  
t h i s  c a l c u l a t i o n  has  been done i n  two d i f f e r e n t  ways.  The f i r s t  way, 
i n s p i r e d  by  GB, i s  t o  d ro p  s econda ry  t e r m s  and  u s e  an  e x p e r i m e n t a l  number 
f o r  one o f  t h e  m a t r i x  e l e m e n t s  i n  t h e  p r im a ry  t e r m  and c a l c u l a t e  o n ly  t h e  
second m a t r i x  e lem en t  t h e o r e t i c a l l y *  The s econd  way i s  t o  f i n d  th e  co­
v a l e n t  p o r t i o n  u s i n g  t h e o r e t i c a l  c o n s i d e r a t i o n s  o n l y ,  i n c l u d i n g  no ex­
p e r i m e n t a l  numbers .  Thi3 proved t o  be  a  good t e s t  o f  t h e  BOM and t h e  
w a v e f u n c t io n s  employed*
B* I o n i c  C o n t r i b u t i o n  to
In  f i n d i n g  th e  i o n i c  c o n t r i b u t i o n  t o  t h e  induced  f i e l d  g r a d i e n t  
a t  t h e  n u c l e u s ,  i t  i s  c o n v e n ie n t  t o  r e l a t e  i t  t o  t h e  I o n i c  p o l a r i z a t i o n .  
To do t h i s ,  v e  r e p l a c e  t h e  Ga and As i o n s  by e f f e c t i v e  c h a r g e s  e o f  op­
p o s i t e  s ig n  and d i s p l a c e  one s u b l a t t i c e  a  d i s t a n c e  A  r  r e l a t i v e  t o  t h e  
o th e r *  In  g e n e r a l ,  we may w r i t e  t h e  p o l a r i z a t i o n  a s
p  =  % .  N l  E e f f  ^ ( n . 5 )
where  i s  t h e  number o f  atoms o r  m o l e c u l e s  p e r  u n i t  v o lum e ,  i s
t h e  p o l a r i z a b i l i t y  o f  t h e  s p e c i e s  i ,  and i s  t h e  e f f e c t i v e  f i e l d  a t
□
each  s i t e *  Brodsky and K u r s t e i n  a r g u e  t h a t  t h e  e f f e c t i v e  f i e l d  t h a t  
s h o u ld  be  u s e d  i n  f i n d i n g  th e  e l e c t r o n i c  p o l a r i z a t i o n  i s  n o t  t h e  l o c a l  
f i e l d ,
E  = [  t f P  ( I I . 6 )
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a s  S z l g e t l ^  used*  b u t  r a t h e r  t h e  a v e r a g e  o r  m a cro sco p ic  e l e c t r i c  H e l d ,
E. A c h a r a c t e r i s t i c  o f  I I I - V  compounds i s  t h a t  t h e  v a l e n c e  o r b i t a l s  are  
n o t  l o c a l i s e d  and  in  f a c t  a r e  so e x te n d e d  t h a t  t h e  t T / 3  P te rm  i h  
e q n ,  1 1 ,6 ,  w h ich  a r i s e s  from p o i n t - d i p o l e  i n t e r a c t i o n s ,  does  not e x i s t .
U s in g  t h e  a v e r a g e  e l e c t r i c  f i e l d  a s  t h e  e f f e c t i v e  f i e l d ,  we 
may now f i n d  t h e  i o n i c  p o l a r i z a t i o n .  The i o n i c  p o l a r i z a t i o n  i s  t h e  d i f ­
f e r e n c e  b e tw ee n  t h e  l q v  f r eq u e n c y  p o l a r i s a t i o n ,  which i s  r e l a t e d  t o  th e  
s t a t i c  d i e l e c t r i c  c o n s t a n t  £  , and t h e  e l e c t r o n i c  p o l a r i z a t i o n ,  which 
i s  r e l a t e d  t o  t h e  o p t i c a l  i n d e x  o f  r e f r a c t i o n  n.  E x p r e s s i n g  t h i s  in  
m a th e m a t i c a l  t e r m s ,  we have
P  s  E - T f E
o r
* i 6  * r*
E  , i n . 7 i
w here  N i e  t h e  number o f  GaAs m o le c u le s  p e r  u n i t  volume and th e  s t a t i c  
d i e l e c t r i c  c o n s t a n t  £  i s  e q u a l  t o  1 2 . 5 ^  and t h e  o p t i c a l  index  o f  
r e f r a c t i o n  n e q u a l s  3 . 3 ,
I f  one o f  t h e  i o n s  i s  d i s p l a c e d  from i t s  e q u i l i b r i u m  s i t e  a 
d i s t a n c e  A  r  tow ard  one o f  t h e  c o r n e r s  o f  t h e  t e t r a h e d r o n ,  we may c a l ­
c u l a t e  t h e  e l e c t r i c  f i e l d  g r a d i e n t  from e l e c t r o s t a t i c  t h e o r y .  The g r a d i e n t  
f o r  t h i s  s y s t e m  becomes
40
——  ( T i . e )
3 i
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0
where d « A i s  th e  Ga-As t e n d  d i s t a n c e .  E q u a t io n  11 .0  may b e  com­
b i n e d  w i th  e q n .  I I . 7 t o  e l i m i n a t e  t h e  e f f e c t i v e  c h a r g e .  I t  ia  a l s o  
n e c e s sa ry  a t  t h i s  p o i n t  to  i n c l u d e  t h e  S t e r n h e i m e r  a n t l s h i e l d i n g  f a c t o r  
(1  -  *1^  ) i n t o  t h e  equa t ion  to  account  f o r  t h e  d i s t o r t i o n  o f  t h e  c l o s e d — 
? h e l l  e l e c t r o n  o r b i t a l s .  I f  a l l  t h i s  I s  d o n e ,  t h e  I o n i c  c o n t r i b u t i o n  t o  
t h e  Induced f i e l d  g r a d i e n t  becomes
Combining e q n .  I I . 9 with  eqn. I I ,  Jj ,  we a r e  a b l e  t o  w r i t e  th e  i o n i c  con ­
t r i b u t i o n  t o  R  ^ as
,“ • «  j t  /  . .  \  e  - / « *
( I I . 101D  S '  / ,  v  \  e  * < * L _
=  irr ( l r/iJ"
The va lues  used  f o r  th e  S te rn h e im e r  a n t i s h i e l d i n g  f a c t o r  a re  1 -  = 2^
12f o r  Ga and 30 f o r  As . These f a c t o r s  were Found by i n t e r p o l a t i o n  from 
o t h e r  c a l c u l a t e d  v a lu e s  and ,  t h e r e f o r e ,  t h e y  may o n ly  be  c o n s id e r e d  a s  
a p p ro x im a te .
The a c t u a l  num er ica l  va lues  c a l c u l a t e d  from e q n ,  11.10 were
R j ° n i c (0a)  = +0.1* x 1010 cm-1  and R ^ nlt?(As) = - 0 , 5  x 1010 era- 1 . The
s i g n  c o n v en t io n  used  i s  t h a t  t h e  e l e c t r i c  f i e l d  i s  p o s i t i v e  i f  I t  p o i n t s
from the  Ga atom toward th e  n e i g h b o r i n g  As atom.
I t  I b worthwhile  p o i n t i n g  o u t  t h e  s e n s i t i v i t y  o f  eqn. 1 1 ,1 0  t o  
2 13t h e  d i f f e r e n c e  €  -  n . Some a u t h o r s  q u o te  a  v a l u e  o f  £  e q u a l  t o  13 ,13  
i n  which c a s e  t h e  va lues  o f  s h o u ld  be  m u l t i p l i e d  by a f a c t o r  o f  1 .3 9 .
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C, C ova len t  C o n t r i b u t i o n  t o  R ^
Suppose now t h a t  e a c h  n u c l e u s  r em a in s  s p a t i a l l y  f i x e d  and con ­
s i d e r  t h e  change  i n  th e  c h a rg e  d i s t r i b u t i o n  o f  t h e  v a l e n c e  e l e c t r o n s  
due to  t h e  a p p l i e d  e l e c t r i c  f i e l d .  The method o f  o b t a i n i n g  t h e  c o v a l e n t  
c o n t r i b u t i o n  t o  R ^ w i l l  be  t o  assume t h a t  t h e  a p p l i e d  e l e c t r i c  f i e l d  
a c t s  as a  p e r t u r b a t i o n  on t h e  u n d i s t o r t e d  v a l e n c e  o r b i t a l s .  The o r b i t a l s  
t h a t  w i l l  be  used a r e  t h o s e  found in  t h e  t w o - e l e c t r o n  BOM. T h i s  c h o i c e  
marks the  p o i n t  o f  d i v e r g e n c e  from t h e  t h e o r e t i c a l  model used  by GB* A 
b r i e f  d e s c r i p t i o n  o f  t h e  t h e o r e t i c a l  work done by GB i s  p e r h a p s  u s e f u l  a t  
t h i s  p o i n t ,  so  t h a t  t h e  r e a d e r  may b e t t e r  u n d e r s t a n d  t h e  d i f f e r e n c e s  
between t h e  two a p p r o a c h e s .
The most fundam en ta l  d i f f e r e n c e  be tween OB'a work and t h i s
r e s e a r c h  i s  t h a t  GB used  a  o n e ~ e l e c t r o n  model.  T h i s  a u t o m a t i c a l l y
r e s t r i c t s  each  e l e c t r o n  to  be  i n  one o f  two p o s s i b l e  s t a t e s :  t h e  b o n d in g
o r  t h e  a n t i b o n d i n g  s t a t e .  The c o r r e s p o n d i n g  w a v e f u n e t l o h s ,  which a r e
l i n e a r  c o m b in a t io n s  o f  sp h y b r i d s ,  a r e  c o n s t r u c t e d  such  t h a t  t h e  c o n d u c t i o n —
band o r b i t a l  i s  t h e  a n t i b o n d i n g  o r b i t a l  end t h e  v a l e n c e - b a n d  o r b i t a l  i s
th e  bonding  o r b i t a l .  Upon t h e  a p p l i c a t i o n  o f  t h e  e x t e r n a l  e l e c t r i c
f i e l d ,  t h e r e  w i l l  be  a mixing  be tween t h e s e  two o r b i t a l s *  A l l  t h e  h i g h e r
e x c i t e d  s t a t e s ,  fo r  example ^ d ,  5a s t a t e s ,  a r e  i g n o r e d .  Each n f  t h e  Tour
bonds s h a r i n g  a s i n g l e  atom a r c  r e p r e s e n t e d  by o r t h o g o n a l  w a v e f u n c t i o n s
and ,  t h e r e f o r e ,  a r e  t r e a t e d  i n d e p e n d e n t l y .  A lso  t h e  o v e r l a p  i n t e g r a l  b e -  
3
tween ££  h y b r id s  o f  Ga and As in  t h e  same bond i s  c o n s i d e r e d  s m a l l  enough
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t o  "be I g n o r e d .  The i o n i c  c h a r a c t e r  o f  t h e  bond i s  no t  i n h e r e n t  In  th e  
v a v e f u n c t i o n s  and  t h i s  has  t o  be  I n c l u d e d  e x p l i c i t l y ,  GB's e x p r e s s i o n  
f o r  t h e  c o v a l e n t  c o n t r i b u t i o n  t o  t h e  In d u c e d  f i e l d  g r a d i e n t  la
< e O = 2  * 1 - w f  ( n ' 1 1 )
where  y  and CQnd a r e  r e Pre&ent&" ^ v'e  v n v e f u n c t l o n s  a lo n g
t h e  [ i l l ]  d i r e c t i o n  f o r  t h e  v a l e n c e  and c o n d u c t i o n  b a n d s ,  and  [W -W } lav c
t h e  e n e r g y  d i f f e r e n c e  be tw een  t h e  b a n d s .
In o r d e r  t o  f i n d  t h e  i n d u c e d  f i e l d  g r a d i e n t  From t h e  above 
e q u a t i o n ,  i t  i s  n e c e s s a r y  t o  e v a l u a t e  t h e  two m a t r i x  e l e m e n t s .  T h i s  may 
b e  done in  one o f  two waya. F i r s t ,  e x p l i c i t  w a v e f u n c t i o n s  may be  used 
and  a  b r u t e - f o r c e  method a p p l i e d .  U n f o r t u n a t e l y ,  f i n d i n g  e x p l i c i t  v a v e -  
f u n c t i o n s  t h a t  a c c u r a t e l y  d e s c r i b e  t h e a e  o r b i t a l a  I s  a v e r y  d i f f i c u l t  t a s k .  
The n a t u r e  o f  t h e  p roblem i s  such  t h a t  a  s im p le  model w i l l  no t  do .  The 
aecond  a p p r o a c h  i s  t o  e x p r e s s  t h e s e  m a t r i x  e l e m e n t s  i n  t e r m s  o f  e x p e r i ­
m e n t a l  p a r a m e t e r s  t h a t  a r e  a l r e a d y  known, Thla  second  a p p ro a c h  1e th e  
method used  by GB. The f i r s t  m a t r i x  e l e m e n t ,  namely ( V ( l l  J  e(l |  cortd^ ’  
i s  d e n o t e d  a s  e q  , which i s  t h e  e l e c t r i c  f i e l d  g r a d i e n t  a lo n g  t h e  s p in  
a x i s  p ro d u c e d  by a tom ic  o r b i t a l  e l e c t r o n s .  I t  i s  m u l t i p l i e d  by a  
f a c t o r  A  ( l  + A  t h a t  i s  r e l a t e d  t o  t h e  i o n i c  c h a r a c t e r  o f  t h e  bond.
The s e c o n d  m a t r i x  e lem en t  i s  e x p r e s s e d  i n  t e r m s  o f  t h e  t o t a l  induced  
e l e c t r o n i c  p o l a r i z a t i o n ,  which u s e s  t h e  in d e x  o f  r e f r a c t i o n  a s  an  e x p e r i ­
m e n t a l  p a r a m e t e r .
llj
In ou r  approach* on th e  o t h e r  hand, the  number o f  s t a t e s  
a v a i l a b l e  t o  each e l e c t r o n  i n c r e a s e s  from t h e  two in  t h e  one e l e c t r o n  
case  to  a  p o s s i b l e  s i n  s t a t e s .  These s i *  s t a t e s  a re  a  com bina t ion  o f  
t h r e e  s i n g l e t  and t h r e e  t r i p l e t  s t a t e s .  R e t a in in g  t h e  p e r t u r b a t i o n  a p ­
proach o f  GB, g r e a t l y  s i m p l i f i e s  the  problem. In our c a s e ,  t h e  o n ly  
coup l in g  t h a t  o c c u r s  i s  be tween th e  s i n g l e t  e x c i t e d  s t a t e s  and t h e  s i n g l e t  
ground s t a t e ,  T h i s  r e d u c es  t h e  t o t a l  number o f  s t a t e s  o f  concern  from 
s i x  down to  J u s t  t h r e e .  The fou r  t e t r a h e d r a l  bonds a r e  aga in  t r e a t e d  
in d ep en d en t ly  and t h e r e f o r e  a r e  assumed m u tu a l ly  o r t h o g o n a l .  U n l ike  GB, 
however,  t h e  o v e r l a p  i n t e g r a l  between th e  Ga and Aa h y b r id s  in t h e  same
bond i s  not n e g l e c t e d  and w i l l  be e x p l i c i t l y  taken  i n t o  a cco u n t .  The
3sp h y b r id s  used i n  o u r  model a re  made up o f  f r e e  atom f l a r t r e e -F o c k
ground s t a t e  3^ and £  w a v e f u n c t i o n s , and the  s i n g l e t  s t a t e s  c o n s t r u c t e d
from t h e s e  h y b r id s  a l s o  have  t h e  i o n i c  n a t u r e  o f  th e  bond i n h e r e n t l y
b u i l t  i n .  This  model r e q u i r e s  e i g h t  i n p u t  p a ra m e te r s  t h a t  a r e  f i t  t o
3
e x p e r im en t ,  and  u s e s  t h r e e  s i m p l i f y i n g  asaumptiona  c o n c e rn in g  t h e  s £  
h y b r i d s .
Using second o r d e r  p e r t u r b a t i o n  t h e o r y ,  we may w r i t e  an  e x ­
p r e s s i o n  s i m i l a r  t o  eqn. 11 ,11  In  th e  language  o f  t h e  BOM, Before  
a c t u a l l y  w r i t i n g  t h i s  e x p r e s s i o n ,  l e t  us i n v e s t i g a t e  i t s  o r i g i n .  We 
a re  i n t e r e s t e d  f i r s t  o f  a l l  i n  f i n d i n g  t h e  change o f  e n e r g y  o f  t h e  n u c l e a r  
s p i n  l e v e l  due t o  t h e  a p p l i c a t i o n  o f  th e  e x t e r n a l  e l e c t r i c  f i e l d .  The 
p e r t u r b i n g  H am i l to n ian  ( ) i s  th e  sum o f  th e  quad ru p a le  H am i l to n ian
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} g iven  by e q n .  I I . 1,  and  t h e  H am i l to n ian  ( ) due t o  th e  a p p l i e d
e l e c t r i c  F i e l d ,  j, i s  e q u a l  t o  - e E 1? .  From s e c o n d - o r d e r  p e r t u r b a t i o n  
t h e o r y ,  we may w r i t e  t h e  change  i n  energy  W^  a s
\ / J  a  S  A am  M a m  ( 1 1 . 1 2 )
2 -  E ~ -  c *•'ws ■* »!
We s u b s t i t u t e  For and f in d
w . r f K ' K L . { H ' X . L
E -  -  E „
(1 1 .1 3 )
or
+  A t * - -  *  « •«■ ) t / U 1)  (
E ~  -  E _
The m a t r ix  e lem ent  flr _ i s  t h e  c o n t r i b u t i o n  due t o  t h e  e l e c t r i c  F i e ldEmn
b e i n g  a p p l i e d  t o  an  e l e c t r o n  in  t h e  bond. T h i s  te rm  g i v e s  r i s e  t o  th e
u s u a l  S t a r k  e f f e c t  and by i t s e l f  i s  o f  no i n t e r e s t  In  o u r  problem. The
m a t r ix  e lem en t  i s  t h e  q u ad ru p o le  i n t e r a c t i o n  te rm  which i s  due
t o  t h e  e l e c t r i c - f i e l d  g r a d i e n t  a c t i n g  on t h e  n u c l e a r  q u a d r u p o le  moment,
2 3The quad rupo le  i n t e r a c t i o n  i s  a p p ro x im a te ly  e q u a l  t o  e r ^  ) where
r  i s  t h e  n u c l e a r  r a d i u s ,  and r  i s  a  t y p i c a l  a tom ic  d im e n s io n .  I f  we n s
t a k e  r  t o  be  abou t  10-1^ cm and r  t o  be  ab o u t  10 ^ cm, we f i n d  J /n e r r  q
i s  r o u g h ly  equa l  t o  10 ^  eV. At 2000 V, t h e  v a l u e  o f  i s  r o u g h ly
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-Ue q u a l  t o  2 x 10 eV. We, t h e r e f o r e ,  come t o  t h e  c o n c l u s i o n  t h a t  t h e  
a p p l i e d  e l e c t r i c  f i e l d  i s  l a r g e  enough s u c h  t h a t  t h e  t e r m  c o n t a i n i n g  
t h e  q u a d ru p o le  i n t e r a c t i o n  s q u a r e d  may h e  i g n o r e d  vhen compared t o  t h e  
p r o d u c t
The Q w pleK c o n j u g a t e  t e rm  e q u a l s  t h e  t e rm
b e c a u s e  71 q ,u' d a r e  r e a l  and  H e r m i t i a n  and  t h e  v a v e T u n c t i o n s  t h a t
ve  a r e  u s i n g  a r e  r e a l .  Thus  t h e  c o n t r i b u t i o n  o f  i n t e r e s t  i n  eqn .  11. 1 
becomes
E r  d i . 1 5 )—  “ * E
w hich ,  i f  one u se s  t h e  o r b i t a l s  In  t h e  BOM, may be  w r i t t e n  f o r  a s i n g l e  
bond a s
2 2. ------ z-----=--------------
« • « *  E a  - E „  >
where  G i s  t h e  s i n g l e t  g ro u n d  s t a t e  (G = VI in  t h e  BOM n o t a t i o n ) ,  M a r e  
t h e  two e x c i t e d  s i n g l e t  s t a t e s ,  and E^-E^ a r e  t h e  e n e r g y  d i f f e r e n c e s  b e ­
tween  e t a t e E ,  The c o v a l e n t  c o n t r i b u t i o n  t o  t h e  i n d u c e d  e l e c t r l c - f l e l d  
g r a d i e n t  i n  t h e  [ i l l ]  d i r e c t i o n  a f t e r  t h e  a p p l i c a t i o n  o f  an  e x t e r n a l  
e l e c t r i c  f i e l d  a lo n g  t h i s  d i r e c t i o n  i s  t h e r e f o r e
( I T . I T )
m E *  -  E „
IT
I t  should  be stressed t h a t  eqn. 11*17 i s  J u s t  the  s i n g l e ,  [ i l l ]  bond 
c o n t r i b u t i o n .  Hie c o n t r i b u t i o n  from t h e  o t h e r  t h r e e  bonds w i l l  sub­
s e q u e n t ly  be taken In to  a cc o u n t .
i t  i s  necessa ry  to f ind  v a lu e s  f o r  two d i f f e r e n t  m a t r i x  elementB. T h i s  
could he done by e i th e r  u s in g  e x p l i c i t  wave f u n c t i o n s ,  o r ,  a s  OB d i d ,  
by c o n v e r t i n g  them to  e x p r e s s i o n s  c o n t a i n i n g  known ex p e r im en ta l  numbers* 
Both o f  theaE approaches w i l l  be  c o n s id e r e d  h e re ,  F i r s t  t h e  m a tr ix
w i l l  be ca lcu la ted  t h e o r e t i c a l l y .  Second, s in c e  e x p l i c i t  w avefunc t ions  
a re  a v a i l a b l e  via the BOM, a f u l l  t h e o r e t i c a l  c a l c u l a t i o n  o f  the  f i e l d  
g r a d i e n t  w i l l  be car r ied  o u t .  Bes ides  showing th e  s e n s i t i v i t y  to  t h e  
ch o ice  o f  wave function,  i t  w i l l  a l s o  s e r v e  as a t e s t  o f  th e  v e r s a t i l i t y  
o f  the  model.
The covalent c o n t r i b u t i o n  to  t h e  e l e c t r i c  f i e l d  g r a d i e n t  may 
be w r i t t e n  from eqn. 11.17 as
At th i s  p o in t ,  t h e  e v a l u a t i o n < covV eq ) w i l l  proceed in
two d i f f e r e n t  manners. As mentioned above ,  In o r d e r  t o  Find < c o v \  eq )
w i l l  be approx imated  by eq w hi leelement
1,  F i r s t  Approach -  Use o f  E x p e r im e n ta l  Fnrajne te r
\  * ■  r  S .  E  -  F  c  _  c
To f a c i l i t a t e  the e v a lu a t io n  o f  t h i s  e x p r e s s i o n  s e v e r a l  approx im a t ions
l f l
a re  made. F i r s t *  t h e  second te rm  in  eqn .  I I , l f l  i s  i g n o re d .  Th is  ia  
J u s t i f i e d  b e c a u s e  i t  i s  t h e  c o n t r i b u t i o n  when b o th  e l e c t r o n a  a r e  In  t h e  
h i g h e s t  e x c i t e d  s t a t e  and  i t a  va lue  i s  much l e s s  t h a n  t h e  f i r s t  t e rm .  
Next ,  ^G | e q |  IV^ ia  s e t  e q u a l  t o  an e x p e r im e n t a l  number* e<Ja t . a
f a c t o r  o f  + X ^ )   ^ in troduced  t o  account f o r  th e  I o n i c  c h a r a c t e r
o f  t h e  bond. The v a lu e  o f  X  eDm^3 o u t  o f  th e  BOM. A f t e r  malting 
t h e s e  a p p r o x i m a t i o n s , eqn. I T , 10 becomes
< i* M  g >  
F  - £
where e<3 ^ 19 t h e  e l e c t r i c  f i e l d  g r a d i e n t  produced by a e l e c t r o n  a t  
t h e  n u c l e u s .  The m acroscopic  e l e c t r i c  f i e l d  i s  a g a i n  used f o r  t h e  same 
r e a s o n s  d i s c u s s e d  In t h e  i o n i c  case .
In o r d e r  t o  p roceed  f u r t h e r ,  t h e  m a t r ix  e lement < I V |  r |  c )  
must be  e v a l u a t e d .  T h i s  i s  c a r r i e d  o u t  in  the  e x a c t  same f a s h io n  a s  in  
t h e  p a p e r  by HMS, t h e  o n ly  d i f f e r e n c e  b e i n g  th e  i n i t i a l  d i r e c t i o n  o f  th e  
e x t e r n a l  f i e l d .  The e l e c t r i c  f i e l d  I s  a p p l i e d  a l o n g  th e  [ i l l ]  d i r e c t i o n
*4
h e r e  so t h a t  t h e  g a in  in  p o t e n t i a l  e n e r g y  by th e  e l e c t r o n ,  = -  e r - £  ,
becomes
where d i s  t h e  bond l e n g t h ,  and z and ;  are  t h e  z coord i n  a t e  a as measureds. c
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from th e  a n io n  and  t h e  c a t i o n .  The g e o m e t r i c a l  c e n t e r  o f  t h e  bond i s
t a k e n  a s  t h e  o r i g i n  o f  t h e  c o o r d i n a t e  a / s t e m  a s  shown in  F i g .  I l - l a .
T h i s  m a t r i x  e l e m e n t  has b e e n  c a l c u l a t e d  In  t h e  BOM ( d i f f e r i n g  o n l y  by a
f a c t o r  o f  w i t h  t h e  r e s u l t  J r  J IV^ = - 1 . 0 1  A. Using  t h e  v a l u e s
'j l hf o r  E and  E+ . found  in  t h e  BOM, * namely E = - 1 . 7 1  oV and
\ j  1 v Lf
= 3-60  eV, t h e  e x p r e s s i o n  in  b r a c k e t s  i n  eqn .  t l . 1 9  i a  found  t o  be
□
0 .1 9  x 10 cm/eV.
For t h e  o t h e r  t h r e e  b o n d s ,  which have  an a n g l e  o f  & -  cos
be tween them and t h e  [ i l l ]  d i r e c t i o n ,  we f i n d  t h a t  t h e  p o t e n t i a l  en e rg y
g a i n  i s
+ * * . ] * £  ‘ C ' t '  +  * * I  . ( I t . S I )
As can be  s e e n  from Fig ,  I l - l b ,  e a c h  o f  t h e  o t h e r  bonds  c o n t r i b u t e s  1 / 3  
t h a t  o f  t h e  ( i l l ]  bond t o  ^ |  0 ^
The m a t r i x  e l e m e n t  e v a l u a t e d  so  f a r  i s  j u a i  t h e  c o n t r i b u t i o n  
o f  a  s i n g l e  bond a lo n g  t h e  [ i l l ]  d i r e c t i o n .  I t  I s  now n e c e s s a r y  t o  i n c l u d e  
t h e  o t h e r  t h r e e  b o n d s .  A l low i  t o  be  i n  t h e  d i r e c t i o n  o f  t h e  [ i l l ]  bond 
and s f t o  be  one o f  t h e  o t h e r  bonds .  L e t  x 1 be  p e r p e n d i c u l a r  t o  b* in  
t h e  i s *  p l a n e .  From symmetry c o n s i d e r a t i o n s  , we can  s e e  t h a t  t h e  component 
o f  t h e  e l e c t r i c  f i e l d  a lo n g  t h e  i ’ d i r e c t i o n  i a  - i / 3  » and  t h e r e f o r e
t h e  e l e c t r i c  f i e l d  g r a d i e n t  t e n s o r ,  has  c o m p o n e n t s  a l o n g  t h i s  d i r e c t i o n
<
c ov \eq  /  - I f  we t r a n s f o r m  t h e s e  components  i n t o
t h e  c o o r d i n a t e  s y s te m  o f  t h e  o r i g i n a l  [111 ]  d i r e c t i o n ,  we f i n d  f o r  t h e
PO
F igu re  ri-1
a ,  Ehovs bond a l o n g  I 111] d i r e c t i o n
"b. Shove p r o j e c t i o n ^  o f  one o f  t h e  other bonds o n t o  the  [ i l l ]  d i r e c t i o n
£r
f — TT
t
T 1
V  t
1'
a.
J
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e l e c t r i c  f i e l d  g r a d i e n t  c o n t r i b u t i o n  o f  e a c h  oT t h e  t h r e e  o t h e r  bonds
0Y \
eq > . T h e r e f o r e  t h e  t o t a l  f i e l d  g r a d i e n t  c o n t r i b u t i o n  i s
L  i „  H o f  , n -2 2 1
Remembering t h a t  t h e  f i e l d  g r a d i e n t  i s  from eqn. I I .  U ^ 2 2 1  = 2/^TT ES h n  ■
f?OV
we now w r i t e  t h e  e x p r e s s i o n  f o r  R ^ as
C  = i  r ? 3 ? - L 0 -W x t o ' ' “ ] , ( I I ' 5 3 >
where  t h e  same s i g n  c o n v e n t i o n  1h u s e d  a s  i n  th e  i o n i c  p o r t i o n  o f  t h e  
c a l c u l a t i o n .  E x p e r i m e n t a l l y ,  t h e  numbers  t h a t  a r e  found  f o r  q a r e3L
q ( Ga) = - 1 8 , 9  x 1 0 ^  cm” 3 and q . ( A s )  =■ -1*0.8 x lO3*4 cuT3.B.ti AX'
The i o n i c  character o f  the bond {i) 1e d e f i n e d  as
( I I .
where  from t h e  BOM i i e  e q u a l  t o  0 . 5 ^ . ^  T h e r e f o r e  we f i n d  X i s  e q u a l  
t o  0 . 5 5 .  A X o f  one I n d i c a t e s  t h a t  t h e  bond i s  c o m p l e t e l y  c o v a l e n t  and 
a  X e q u a l  t o  a e r o  shows t h a t  t h e  bond i s  100 p e r c e n t  i o n i c .  The v a l u e  
i  c a l c u l a t e d  i n  t h e  BOM i s  found from t h e  form o f  t h e  b o n d - e l e c t r o n -  
d e n s i t y .
E q u a t io n  11.23 cap  now be  e v a l u a t e d  and t h e  r e s u l t s  a r e  
R ^ V(Ga) = 0 .5 0  x  10 l ° cm 1 and R ^ V(Ab) = - l .O S  x 1 0 10 cm 1 . Combining
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t h e s e  r e s u l t s  v i t h  t h e  I o n i c  p o r t i o n ,  I . e .  t h e  t o t a l  va lue of -
_ , io n ic  ncov  ,
Rlb  * We f i h d
R ^(Ga) = 0 ,9 0  x 10LO cm”1 ,
and
B ^ ( A s )  = -1*6  x 10*° cm  ^ .
For c o m p a r i so n ,  th e  e x p e r i m e n t a l  and t h e o r e t i c a l  va lues  found by GB a r e  
shown in  T ab le  I I .1 .
T a b le  I I .  1.  Comparison o f  GB's Exper im en ta l  and T h e o r e t i c a l  Results
71G» 69Ga T\ S
Exper im en t  0 , 9  x IQ"^ cm  ^ 1 .05  * 10"^ cir ^ 1.55 x 1 0 ^  cm ^
Theory  0 . 9 3  x 1 0 ^  cm ^ 0 .9 3  x 1 0 ^  cm ^ - 1 . 6  k 1 0 ^  cm ^
C l e a r l y ,  t h e  v a l u e s  o b t a i n e d  i n  our  c a l c u l a t i o n  are  in  exce llen t a g r e e ­
ment v i t h  t h e  v o rk  done by  GB. U n f o r t u n a t e l y ,  as w i l l  be seen in  t h e  nex t  
c h a p t e r ,  t h e y  do not a g re e  v i t h  t h e  new exp e r im en ta l  numbers found i n  t h i s  
r e s e a r c h .
2,  Second Approach -  F u l l  Theory
Let us now r e t u r n  t o  eqn, I I ,  18 and e v a lu a te  t h i s  ex p re ss io n  
i n  I t s  e n t i r e t y .  We may e v a l u a t e  t h e  m a t r i x  element < V M ° >  in  t h e  
e x a c t  same way aB we d id  ^ 1 ^  J r  J , v i t h  the  r e s u l t  < v | r | o )  = +0.125A.
The t a s k  now i a  t o  f i n d  <<= I eq  | mS u s i n g  t h e  o r b i t a lB  in the BOM.
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Since  t h e  BOM i s  a two e l e c t r o n  model t t h e  p o t e n t i a l  a s  seen 
by t h e  nuc leus  mast  t a k e  t h i s  i n t o  accoun t*  I > t  us  i n t r o d u c e  a  frame o f  
r e f e r e n c e  w i th  t h e  o r i g i n  c o i n c i d i n g  w i th  t h e  n u c l e u s  and t h e  d i r e c ­
t i o n  c o i n c i d i n g  w i th  t h e  c r y s t a l l i n e  t i l l ]  d i r e c t i o n  as shown.
The p o t e n t i a l  a t  t h e  n u c l e u s  i s  then
V  -  4 -  +  4 - [11 .35)
The e l e c t r i c  f i e l d  g r a d i e n t  component a l o n g  t h e  z^ d i r e c t i o n  i s  simply
5 * :
3 c« A ,  -  f
si-i ' t
=: € I ,  *  * l t  *
( U. 2 1 )
where eq.^ ” ~ t 
»
3 '  I
.4
slj
In  o r d e r  t o  e v a l u a t e  < a | e q j  m)  , ve may w r i t e  t h e  BOM w a v e f u n e t io n s
as
I M )  =  £  * i „ H >
‘■ • w
where each  s t a t e  | i s  a  l i n e a r  combInat i o n  o f  t h r e e  s i n g l e t  h a a l s  s t a t e s .  
The t h r e e  n o r m a l i s e d  s i n g l e t  b a s i s  s t a t e s  a r e
I V  -  * M Z m* > [11.29)
and
K >  ■ i ' m  ¥ < ( « ; )  I .
K ,
where fli ( r )  and jj( ( r )  a r e  t h e  a n io n  and c a t i o n  B£^ h y b r i d  wave f u n c t i o n s ,t & r C
r e s p e c t i v e l y .  These a r e  i n  t u r n  made up o f  H a r t r e e - F o c k  f r e e  atom ground 
s t a t e  wave f u n c t i o n s , i3  t h e  a n t i s y m m e t r i c  s p i n  f u n c t i o n  g iven  by
y=» [°?f0 61 -  o-r6) <r4 (il j , and 3 i a  t h e  o v e r l a p  i n t e g r a l
g iven  by j & * ( £ )  £ , ( * )  J *  = & L $ 7
S i n c e  e l e c t r o n s  c a n n o t  be  d i s t i n g u i s h e d ,
M >  = < G l £ t  J M > ( I I . 301
and t h e r e f o r e ,
Using  t h e s e  wave f u n c t i o n s , we f i n d  t h a t  t h e  m a t r i j t  e lem ent  f o r  M = IV 
becomea
S Cf, £ff) J!r t  \A „ SJ t V .)  *  f , 4(^  A  
"* l/~2(1 + J * J ' + Jt*fa) *1,
i  \ t  \ , s j f ( 4  e t ,  e i ,
f ^ V . ' i f ? , ( f w A  « ? ,  A j
e ? < * w  ^  + -s/ ^ )  e ? ' *  ^ J "  
+  sf s f w « r , *  M  A  t / f * » « j ,  s J f r ) A 111. 3 2 )
The apin  p o r t i o n e  have been  i n t e g r a t e d  o u t ,  and t h e  be  foun(i
d i r e c t l y  from the  BOM.
At t h i s  p o i n t  we must be c l e a r  t o  which n u c l e u s  we a r e  r e f e r r i n g ,  
i . e .  t h e  an ion  or the  c a t i o n .  In  o r d e r  t o  e v a l u a t e  a l l  t h e  i n t e g r a l s  
found  in  eqn .  11.31,  ve  i n c o r p o r a t e  a n o t h e r  e x p r e s s i o n  e v a l u a t e d  i n  t h e  
BOM, namely
f I I , 33)
T h i s  e q u a t i o n  assumes t h e  s - a x i s  p o i n t s  from t h e  an ion  t o  t h e  c a t i o n ,  
which i s  t h e  r e v e r se  o f  t h e  c o n v en t io n  used  50 f a r .
We a re  now in  a  p o s i t i o n  to  e v a l u a t e  th e  m a t r i x  elementE f o r  
Ga and As. f i r s t ,  l e t  us c o n s i d e r  Ga, which i s  t h e  c a t i o n ,  and a l l o w  
n '  ■= . H i t c i  reg ro u p in g  t e r m s ,  we f i n d
where
and
U J V ^ S A . .  ' V t -  j
( I T , 3 5 )
The minus s i g n  in  eqn* I T . 3 ^  cornea from a d j u s t i n g  th e  s i g n  c o n v e n t i o n  
used  in  t h e  BOM to  match t h e  one used  h e r e .  I t  i s  w o r t h w h i l e  n o t i n g  
t h a t  t h e  q u a n t i t i e s  U i n  eqn .  11 .3^  a re  n o t  t h e  ones u s e d  In  t h e  BOH* 
S u b s t i t u t i n g  t h e  &j ^ ' s fo u n d  in  t h e  BOM i n  eqn* IT* 35, we f in d
\P = - 0 . 1 7 ^ ,  U2  = 0 , 5 3 ,  a n d  Li U = - 0 . ^ 6 3 ,  c a  a  c
and u s in g  th e  v a lu e s  y J  ( , t h e  m a t r i x  e l e m e n t  becomes
< 6 / =  t  4,21 x 10 t m ' e  . (Tt.3^1
We may do a  s i m i l a r  c a l c u l a t i o n  f o r  As by s e t t i n g  ti1 = a ,  and we f i n d
6 c 3  .  <I r - 3 T '
A f t e r  s u b s t i t u t i o n ,  ve o b t a i n
< G / e ? J j v >  = - 2 7 . 1  * 1 0  t - " ' J  e  (1 1 .361
The same p r o c e d u r e  i a  uaed  when we c o n s i d e r  s t a t e  M = V. We
d e f i n e  W2 , W2 , and W Vf t e r m s , which have t h e  same forms ab \ .P, U2 , and
9. c a  c a  c
U U , e x c e p t  wherever t h e r e  i s  a  IV i t  i s  changed to  V. When we do t h i s  a  c
we ge t
W2 -  0 . 1 3 5 ,  W2 -  0 .  059 ,  and W W = -0 .30 l i*  c a  n c
The lEHrtriJt e lem ent  far Ga becomes
<5le?J',} , 'y -e^ 'P .' tH'C +V1W.&J  ^ ( n . 3 9 )
efl
o r
= "  - 3 . 0 J  * ^ Z4
( I I . L o )
S i n i l l a r l j  f o r  As we f i n d
< 0 | e * j V ) r - £ e £ v A i * £ "  +  \ 4 f £  +  ( t I l i l )
o r
<Gl*lJV> ‘ ~3 . I 1  *10* im**  (n liJ)
When th e  v a l u e s  o f  t h e  m a t r i x  e l e m e n t s  a r e  s u b s t i t u t e d  i n t o
eqn .  I I . 1 8 ,  t h e  e f f e c t  on Ga i a  such t h a t  t h e  second  t e rm  i n  t h a t  e q u a ­
t i o n  adds  t o  t h e  f i r s t  t e rm  t h u s  i n c r e a s i n g  i t s  o v e r a l l  v a l u e .  The 
e f f e c t  on As on t h e  o t h e r  h a n d ,  i s  such  t h a t  t h e  s e c o n d  te rm  s u b t r a c t s  
from t h e  f i r s t  t e rm  v i t h  t h e  r e s u l t  t h a t  t h e  o v e r a l l  v a l u e  i s  d e c r e a s e d .  
However,  i n  each  c a s e  t h e  s e c o n d  t e r m  o n l y  c o n t r i b u t e s  a  stnall p e r c e n ­
t a g e  t o  t h e  t o t a l  v a l u e .  For Ga, t h e  second  t e rm  i s  o n ly  U$ o f  t h e  f i r s t
v h i l e  f o r  As,  i t  i s  o n ly  0 . 6 $  o f  t h e  f i r s t .  Looking  back a t  Sec .  C . I
o f  t h i s  c h a p t e r ,  one can s e e  t h a t  t h e  a p p r o x i m a t i o n  o f  i g n o r i n g  t h i s  
second  t e rm  was J u s t i f i e d ,
Nov t h a t  we have  e v a l u a t e d  t h e s e  m a t r i x  e l e m e n t s ,  we may r e t u r n  
t o  eqn .  X I . 10 and f i n d  \ e q COV/  . I t  i s  w o r th  n o t i n g  t h a t  t h e  c o n t r i b u t i o n
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from th e  o t h e r  t h r e e  bonds e n t e r e in  t h e  3aBie manner aa  b e f o r e .  The 
c o v a l e n t  c o n t r i b u t i o n  to from a l l  fou r  bonds ig
R ^ V(Ca) = G.20 i  ID10 cm 1
and
ne o v , , . , n . _10 -1R  ^ (Ag)  = - 1 . 0  x  10 cm
Adding the  i o n i c  and c o v a le n t  c o n t r i b u t i o n s  t o g e t h e r ,  we f i n a l l y  o b t a i n
R ^ C a )  = 0 .6 9  i  IQ10 cm-1
and.
ft j^ A b } =  - 2 . 3  x  1 0 1 0  c m - 1
Comparing th e se  r e s u l t s  v i t h  t h o s e  found i n  T ab le  IT*1 and 
t h o s e  found in  Hee. C . l ,  ve  s e e  a c o n s i d e r a b l e  d i f f e r e n c e .  We v i l l  show 
i n  t h e  next c h a p t e r  t h a t  t h e  v a lu e  o f  agrees  t o  w i t h i n  a  f a c t o r
o f  1,U with t h e  e x p e r t  menta l  r e s u l t s  found In  t h i s  r e s e a r c h  w h i le  R ^ f G a )
i a  a p p ro x im a te ly  a  f a c t o r  o f  f o u r  too s m a l l .  P o s s i b l e  r e a so n s  f o r  t h e s e
r e s u l t s  w i l l  be  d i s c u s s e d  i n  Chap. IV.
I l l . EXPERIMENT
A. B ack grou n d
The GaAs c r y s t a l  used i n  t h i s  e x p e r im en t  v aa  grown "by t h e
Naval Research L ab o ra to ry  (NRL). The c h a r a c t e r i s t i c s  o f  t h e  c r y s t a l  as
c i t e d  by NRL v e re  t h a t  i t  was h ig h ly  r e s i s t i v e  and f a i r l y  p u r e ,  h a v in g
15 3a d e f e c t  c o n c e n t r a t i o n  on th e  o r d e r  o f  10 d e f e c t s / c m  . The r e s i s t i v i t y  
a s  measured in  th iE  l a b o r a t o r y  was a p p r o x im a te ly  10^^ J T  cm a t  l i q u i d  
n i t r o g e n  t e m p e ra tu re  and s e v e r a l  o r d e r s  o f  magni tude  l e s s  a t  room 
t e m p e r a t u r e .  The c ha rged  d e f e c t  d e n s i t y  was s I bo  measured  u s i n g  NMR 
t e c h n i q u e s  p r e v i o u s l y  deve loped  i n  t h i s  l a t o * ^ ’^  The v a lu e  waa found 
t o  be  0 . 8  x 10 d e f e c t s / c m  * which i s  in  agreement  w i t h  t h e  NRL number 
( lO1^) measured u s i n g  p h o to lu m in e sce n c e .
Having e s t a b l i s h e d  t h i s  d e f e c t  d e n s i t y  which  i s  a  n e c e s s a r y  
p a ra m e te r  i n  t h e  f i t t i n g  f u n c t i o n  used t o  a n a ly z e  o u r  d a t a ,  we s l i c e d  
t h e  c r y s t a l  i n  h a l f .  The d im ens ions  o f  e a c h  c r y s t a l  were t h e n  a p p r o x i ­
m a t e l y  1 .0  cm x 0,25 cm x 0 .1  cm. D i f f e r e n t  ohmic c o n ta c tE  were  t h e n  
pu t  on each c r y s t a l .  Each ty p e  o f  c o n t a c t  worked e q u a l l y  w e l l  and e x ­
h i b i t e d  no p a r t i c u l a r  a d v a n ta g e .  Gold l e a d s  were indium s o l d e r e d  t o  
e ac h  o f  th e  c o n t a c t s .  These l e a d s  p r o v id e d  a  f l e x i b i l i t y  b o t h  w i th  
r e g a r d  to  t h e  p h y s i c a l  s e t  up o f  t h e  ex p e r im en t  and t h e  r e p e a t e d  room 
t e m p e r a t u r e  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e  t r a n s i t i o n ,  A v o l t a g e  o f  0
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t o  2000 V was a p p l i e d  a c r o s s  t h e  c r y s t a l  in  £00 V i n c r e m e n t s , A f i e l d  
s t r e n g t h  o f  20 ,000 V/cm was m a i n t a i n e d  w i t h o u t  any d i s c e r n i b l e  h e a t i n g  
o f  t h e  c r y s t a l ,
71In  o r d e r  t o  d e t e r m i n e  t h e  s t a t i c  c o n t r i b u t i o n s  o f  Ga,
69  75Ga, and As, GB u s e d  a  c o n t i n u o u s  wave WMR s p e c t r o m e t e r .  They m a in ­
t a i n e d  a f i x e d  n u c l e a r  m a g n e t i c  r e s o n a n t  f r e q u e n c y  o f  a p p r o x i m a t e l y  9 MHz 
f o r  each  I s o t o p e  and  v a r i e d  t h e  m a g n e t ic  f i e l d  a c c o r d i n g l y .  The e x p e r i ­
ment was c a r r i e d  o u t  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e  { i . e .  77 & K) and  
a b s o r p t i o n  d e r i v a t i v e  c u r v e s  f o r  a e r o  and  n o n z e r o  e l e c t r i c  f i e l d s  w ere  
r e c o r d e d .  The s p e c t r u m  s p l i t t i n g  be tween t h e s e  two c u r v e s  p r o v i d e d  
t h e i r  f r e q u e n c y  s h i f t .  The e l e c t r i c  f i e l d  was a p p l i e d  p a r a l l e l  t o  t h e  
c r y s t a l l i n e  [111] d i r e c t i o n *  w h ich  was a l s o  o r i e n t e d  p a r a l l e l  t o  t h e  
E t a t i c  m agne t ic  f i e l d .
T h i s  r e s e a r c h  a l s o  d e t e r m i n e d  t h e  s t a t i c  v a l u e s  o f  t h e  
t h r e e  i s o t o p e s .  However ,  v e  u s e d  a  p u l s e d  NMF s p e c t r o m e t e r .  To o b t a i n  
t h e  l a r g e s t  r e s o n a n t  s i g n a l  p o s s i b l e ,  we f i x  o u r  m a g n e t i c  f i e l d  a t  i t s  
h i g h e s t  s e t t i n g  ( a r o u n d  20 XG) and a d j u s t  t h e  r e s o n a n t  f r e q u e n c i e s .
L iq u id  n i t r o g e n  t e m p e r a t u r e  i a  u s e d  t h r o u g h o u t  o u r  e x p e r i m e n t .  We u se  
a  f i t t i n g  r o u t i n e  d e s c r i b e d  i n  S e c t i o n  G o f  t h i s  c h a p t e r  t o  e x t r a c t  t h e  
f r e q u e n c y  s h i f t  b e tw ee n  t h e  f r e e  i n d u c t i o n  d e c a y s ,  w i t h  and  w i t h o u t  t h e  
a p p l i e d  e l e c t r i c  f i e l d .
To make t h e  p a r a l l e l  b e tw een  GB's^ e x p e r i m e n t  and  t h i s  one 
meat a p p a r e n t ,  t h e  e l e c t r i c  f i e l d  was a p p l i e d  a l o n g  t h e  c r y s t a l l i n e  [ i l l ]  d i ­
r e c t i o n  and  o r i e n t e d  auch  t h a t  t h e  E l l l ]  a x i s  was p a r a l l e l  t o  t h e  s t a t i c
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magnet ic  f i e l d  a s  w e l l .  The c r y s t a l l i n e  d i r e c t i o n  and th e  o r i e n t a t i o n  
o f  th e  magnetic and e l e c t r i c  f i e l d s  a r e  shown in  F i g .  I I T —1 * The a l i g n ­
ment o f  t h e  [ i l l ]  c r y s t a l l i n e  a x i s  a lo n g  th e  s t a t i c  magnet ic  f i e l d
I Twas accomplished v i a  a s t a n d a r d  method used in  t h i s  l a b .  The method 
r e q u i r e d  that  the  [110] a x i s  be i n  t h e  d i r e c t i o n  o f  t h e  magnet ic  f i e l d  
s e t  up by the rad io  f requency  ( r f )  c o i l ,  i . e .  H . The sample was t h e n  
p laced  in  a probe t h a t  had the  a b i l i t y  t o  r o t a t e  360° about t h i s  a x i s .  
Th i s  r o t a t i o n  allowed each o f  t h e  c r y s t a l l i n e  d i r e c t i o n s ,  namely t h e  
[ lO O ], ( l i o ] ,  and th e  [ i l l ] ,  t o  be p a r a l l e l  t o  Each d i r e c t i o n  has
i t s  own c h a r a c t e r i s t i c  FID. Thus t h e  [ i l l ]  d i r e c t i o n  can he a d j u s t e d
J
p a r a l l e l  to  FI^  to  w i th in  ap p ro x im a te ly  p lu s  o r  minus two d e g re e s .
The o b j e c t i v e  o f  t h i s  ex p e r im en t  was t o  observe  th e  s p l i t t i n g  
o f  t h e  s a t e l l i t e  components (+3/2 ^  + 1 /2 ]  from t h e  c e n t r a l  component 
( + l / £  +l/£) o f  t h e  NMB l i n e  when a  dc homogeneous e l e c t r i c  f i e l d  i s
a p p l i e d .  Since e f f o r t  vaa  taken  t o  app ly  "good11 ohmic c o n t a c t s ,  t h e  
assumption that  t h e  a p p l i e d  f i e l d  i s  homogeneous th ro u g h o u t  th e  c r y s t a l  
was made. Fringing f i e l d s  a re  i g n o r e d ,  a long  w i th  t h e  nonuniform t h i c k ­
n ess  o f  the  c ry s ta l  and any inhomogeneity  due t o  nonuniform doping  th u s  
a f f e c t i n g  the r e s i s t i v i t y ,  (The e f f e c t  o f  t h e s e  a ssu m p t io n s  i s  examined 
in  Sec .  IV.A and in  t h e  a p p e n d ic e s . )
U nfor tuna te ly t th e  c r y s t a l  i s  not t h i n  enough to  a l low  th e  
l i n e a r  expression r e l a t i n g  th e  e l e c t r i c  f i e l d  t o  t h e  a p p l i e d  v o l t a g e  t o  
be  used .  This approximation f inds  t h e  macroscopic  e l e c t r i c  f i e l d  i n s i d e
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Figure  I I I - l
Schemat ic  o f  a p p l i e d  e l e c t r i c  f i e l d  E 4 
H , and r f  magnet ic  f i e l d  H^f  ill r e l a t i o n  t o  t h e
s t a t i c  m a g n e t i c  F i e l d  
c r y s t a l  l i n e  d i r e c t i o n s
[in]
[ 1 1 0 ]
rf
3^
t h e  c r y s t a l  by  d i v i d i n g  th e  applied vo l tage  by th e  sample t h i c k n e s s .
When t h e  e l e c t r i c  f i e l d  found in an i d e a l i z e d  c a p a c i t o r  Lb compared to  
t h e  e l e c t r i c  f i e l d  a t  t h e  c en te r  of the  c r y s t a l  ( see  Appendix I ] ,  i t  ia  
found t o  be  l a r g e r  by 2h% in  one c ry s ta l  and by 30# in  t h e  o t h e r  c r y s t a l .  
S ince  t h e  a p p l i e d  v o l t a g e  div ided by th e  t h i c k n e s s  r e l a t i o n  i s  n o t  ap­
p r o p r i a t e ,  we a re  u s in g  t h e  e l e c t r i c  f i e l d  a t  t h e  c e n t e r  o f  th e  c r y s t a l  
a s  t h e  one t h a t  i s  n e c e s s a r y  in  evaluating
B. Equipment
The b a s i c  s e t  up o f  the experiment i s  shown i n  t h e  b lo c k  d i a ­
gram in  F ig .  I T I - 2 .  The d e t a i l s  of the  NMft s p e c t ro m e te r  a r e  d i s c u s s e d
17 10by H e s t e r  and Cueman i n  t h e i r  Fb,D, d i s s e r t a t i o n s .  ’ S e v e ra l  improve­
ments have  been  made o in c e  then in the a reas  o f  da ta  t r a n s f e r  and  3 ig n a l  
enhancement .  P r e v i o u s l y  t h e  data  was s t o r e d  on four t r a c k  c a r t r i d g e s ,  
t r a n s f e r r e d  t o  IBM co m p a t ib le  magnetic t a p e s ,  and then s t o r e d  on d i s k  
in  th e  W il l i a m  and Mary computer center,  Hie '’m iddle man" has  been  
e l i m i n a t e d  by  i n t e r f a c i n g  th e  PDF 8 m inicom puter with a T e k t r o n i x  b0l3  
CHT t e r m i n a l  th u s  t r a n s f e r r i n g  the data  on to  d i s k  v ia  d i r e c t  i n t e r f a c e  
t o  t h e  IBM 370/150.
The p re v io u s  p r a c t i c e  of m ain ta in ing  th e  system a t  one s e t  
f r e q u e n c y  and a d j u s t i n g  th e  magnetic f i e l d  t o  o b t a i n  t h e  t h r e e  re so n an c es
71 t r
f o r  Ga* G&, and As has been changed. C u r re n t ly  t h e  magnet ic  f i e l d  
i s  a e t  a t  i t s  optimum v a l u e ,  which ia  around 20 kG, and t h e  f r eq u e n cy  
i a  a d j u s t e d  t o  match t h e  resonances.  A dm it ted ly  t h i s  does  i n v o lv e  tu n in g
3^ >
F ig u r e  I I I -2
Block d iagram o f  NMR exper iment
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t h e  system f o r  e a c h  new f r e q u e n c y ,  which means a new se t  af c ab le s ,  
f i l t e r s  and c o i l s ,  b u t  t h e  a d v a n ta g e s  do outweigh th e  inconveniences.  
F i r s t  o f  a l l ,  o nce  t h e  c a b l e s  and f i l t e r s  a r e  made fo r  a given f r e ­
q u e n cy ,  t h e y  a r e  s e t  f o r  a l l  t i m e .  The s e t  o f  c o i l s  need in the  probe 
a r e  a l s o  e s t a b l i s h e d  f o r  each  c r y s t a l  o r  s e t  o f  c r y s t a l s , ap the  i n ­
c o n v e n ie n c e s  a r e  r a t h e r  minor .  P r i o r  to  t h i s  t ime ,  when the frequency 
was h e l d  c o n s t a n t  and t h e  m agne t ic  f i e l d  changed ,  a  aett le-dcwn time o f  
a t  l e a s t  e i g h t  h o u r s ,  o r  even l o n g e r  was r e q u i r e d  to  ensure magnetic 
f i e l d  s t a b i l i t y .  By c h an g in g  t h e  f requency  and consequently changing 
c a b l e s  and r e t u n i n g  t h e  p r o b e ,  t h e  ex per im en t  may be r e s t a r t e d  in  most 
c a s e s  w i t h i n  t h e  h o u r .  The f i r s t  a d v a n ta g e ,  t h e r e f o r e ,  i s  t h a t  t h i s  
new method i s  a  t i m e - s a v e r ,  More i m p o r t a n t l y ,  however,  the higher  the  
f r e q u e n c y  u s e d ,  t h e  l a r g e r  t h e  q u a l i t y  f a c t o r  (q} w i l l  be,  the g r e a t e r  
t h e  a b s o r p t i o n ,  and t h e r e f o r e  a  g r e a t e r  s i g n a l  to  n o is e  ra t io  (S/N) i s  
a c h i e v e d .  M a i n t a i n i n g  t h e  m agne t ic  f i e l d  a round 20 kC, required
r e s o n a n t  f r e q u e n c i e s  o f  2 5 - 6  MHz f o r  ^ G a ,  2 0 .1 6  MHz f o r  ^ G a ,  and 
T5l**. t  MHz f o r  As.  N e a r ly  a l l  p r i o r  expe r im en t s  he re  were c a r r i e d  out 
a t  1*«. 1* MHz.
A new em phas is  was p l a c e d  on the  r f  c o i l  c o n s t r u c t i o n . Each 
c o l l  was b u i l t  t o  maximize t h e  f i l l  f a c t o r  w h i l e  impedance matching as 
c l o s e  t o  50JV a s  p o s s i b l e  w i t h o u t  add ing  a  r e s i s t o r  in  se r ie s  with  t h e  
c o l l .  T h i s  t e c h n i q u e  t y p i c a l l y  y i e l d e d  Q f a c t o r s  o f  100, whereas b e fo re  
5 wae not uncommon. The S/N r a t i o  was d r a m a t i c a l l y  improved, which cut 
down on th e  s i g n a l  a v e r a g i n g  t im e  and d e c r e a s e d  th e  e f f e c t  of the
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u n a v o id ab le  amount o f  d r i f t  o f  t h e  m a g n e t i c  f i e l d .  The t y p i c a l  S/H
r a t i o  f o r  a  s i n g l e  p u l s e  ranged  from 5 /1  t o  10 /1  and improved t o  100 /1
t o  200/1  a f t e r  s i g n a l  a v e rag in g *  Each d a t a  s e t  vae av e rag e d  fo r  ^00
p u l s e s  u s i n g  a  p u l s e  s eq u e n c e  d e s ig n e d  to  r e d u c e  p i e z o e l e c t r i c  n o ia e .
17This  p u l s e  sequence  i s  e x p l a i n e d  by  Cueman.
The e n t i r e  s e t  o f  e x p e r im e n t s  was conduc ted  a t  l i q u i d  n i t r o g e n  
t e m p e r a t u r e .  L i q u i d - n i t r o g e n  t e m p e r a t u r e  improved t h e  S/N r a t i o  on a 
s i n g l e  s h o t ,  b u t  t h i s  was n e g a te d  by  t h e  f a c t  t h a t  t h e  s p i n  l a t t i c e  
r e l a x a t i o n  t ime (T^) i n c r e a s e d ,  t h u s  r e q u i r i n g  more t im e  f o r  s i g n a l  
a v e r a g in g .  The main r e a s o n  f o r  g o in g  to  l i q u i d - n i t r o g e n  t e m p e r a t u r e s  was 
t o  i n c r e a s e  t h e  r e s i s t i v i t y  o f  t h e  GaAs c r y s t a l s ,  and in  t h i s  way p r e ­
ven t  o v e r h e a t i n g  them. Many l i q u i d - n i t r o g e n - i n d u c e d  prob lem s  v i t h  con­
t a c t s ,  l e a d s ,  and probe  d e s i g n  had t o  be  overcome* U l t i m a t e l y ,  ohmic 
c o n t a c t s  were p u t  on.  One c o n t a c t  pu t  a t  NRL was ind ium based  and t h e  
o t h e r  a p p l i e d  a t  NASA-Langley was a  g o ld  a j l o y .  Humber 3& gsnige go ld  
w i re  was used  f o r  t h e  l e a d s  b e c a u s e  i t  c o u l d  be s o l d e r e d  t o  indium, and 
a l s o  b e c a u s e  i t  was v e r y  f l e x i b l e ,  which min imized  t h e  amount o f  b re a k a g e .  
Copper w i r e ,  a f t e r  J u s t  a  few e x p o su re s  t o  l i q u i d  n i t r o g e n ,  became v e r y  
b r i t t l e  and had t o  be r e p l a c e d .  A t e f l o n - b a a e d  t u b i n g  c a p a b l e  o f  w i t h ­
s t a n d i n g  v e ry  h i g h  v o l t a g e s  was s l i p p e d  o v e r  each g o l d  l e a d  f o r  added 
i n s u l a t i o n .
A d iag ram  o f  t h e  c r y s t a l  s e t  up i s  shown in  P ig .  T I I -3 .  Ah 
i n d i c a t e d  in  t h e  d ia g ra m ,  a  t e f l o n  s h e e t  v s a  wrapped a round  th e  c r y s t a l  
f o r  i n s u l a t i o n  p u r p o s e s ,  Next a lu m l n i z e d  iqylar s h e e t  was wrapped a round
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F ig u r e  I I I - 3
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t h e  c r y s t a l ,  in  o rd e r  t o  keep t h e  p i e z o e l e c t r i c  r i n g  t o  a  minimum. 
F i n a l l y ,  a l l  t h i s  was p l a c e d  in  t h e  r f  c o i l  and lo w ered  i n t o  t h e  l i q u i d  
n i t r o g e n .  All  o f  the  c a p a c i t o r s  used  i n  t u n i n g  t h e  p robe  rem ained  a t  
room t e m p e r a t u r e ,
A v a r i a b l e  dc power su p p ly  c a p a b l e  o f  s u p p l y i n g  up t o  3000 V
was UBed t o  apply  t h e  v o l t a g e  a c r o s s  t h e  c r y s t a l  i n  200 V s t e p s  from 0
t o  2000 V. T h i s  y i e l d e d  a  maximum e l e c t r i c - f i e l d  s t r e n g t h  o f  a p p r o x i ­
m a te ly  £0 ,000  V/cit) a c r o s s  th e  c r y s t a l .  A one megohm* t e n - w a t t ,  c u r r e n t -  
l i m i t i n g  r e e l s  t o r  waa p l a c e d  in  s e r i e s  w i t h  t h e  power s u p p l y  and t h e  
c r y s t a l  a s  a  s a f e t y  measure  in  c a s e  t h e  c r y s t a l  b r o k e  down. A Rowan 
v o l t m e t e r  Model J+32, c a l i b r a t e d  a g a i n s t  a  3^T^B H e w l e t t  P a c k a rd  d i g i t a l  
m u l t i m e t e r , c o n s t a n t l y  m o n i to r e d  t h e  v o l t a g e  a c r o s s  t h e  c r y s t a l .
C, A n a ly s i s
The goal in t h i s  ex per im en t  i3  t h e  d e t e c t i o n  o f  a  f r e q u e n c y
s h i f t  o f  t h e  G&As s a t e l l i t e s ,  i . e . *  = 3 / 2  ^  1 / 2  o r  m-j. = - 1 / 2  ■’“ $ - 3 / 2 *
from t h e  c e n t r a l  component,  i . e .  = 1 /2 - '**  -  1 /2 ,  GaAs i s  a  c r y s t a l
w i th  t e t r a h e d r a l  cubic  synm et ry  b e lo n g in g  t o  t h e  z i n e - h l e n d e  s t r u c t u r e
c l a s s .  The Ga and As a tom s r e s i d e  on two face  c e n t e r e d  c u b i c  ( f e e )
l a t t i c e s  w h i c h  a r e  o f f s e t  b y  l A ,  1 A ,  l A  t i m e s  t h e  l a t t i c e  d i s t a n c e .
When t h e r e  i s  zero  e x t e r n a l  e l e c t r i c  f i e l d ,  no q u a d r u p o le  s p l i t t i n g  o f
t h e  GsAb n u c l e a r  sp in  l e v e l s  i s  obse rved  due t o  t h e  t e t r a h e d r a l  symmetry
(T„ “  C3m ) . In t h i s  c a s e  t h e  n u c l e i  l i e  a t  s i t e s  which l a c k  i n v e r s i o n  a
symmetry.  A f te r  an e l e c t r i c  f i e l d  i s  a p p l i e d ,  t h e  symmetry ia  d i s t u r b e d ,
bO
and an e l e c t r i c  f i e l d  g r a d i e n t  i s  i n d u c e d ,  meflHureB t h e  p r o p o r t i o n -
1 2  19a l i t y  between t h e  a p p l i e d  e l e c t r i c  f i e l d  and th e  in d u ced  f i e l d  g r a d i e n t ,  * ’
j .
When a  s t a t i c  m a g n e t i c  f i e l d  i s  a p p l i e d  t o  a  s p in  3 /2  
n u c l e u s ,  t h e  f o u r - f o l d  d e g en e ra cy  o f  th e  n u c l e a r  s p i n  l e v e l s  1e s p l i t  
i n t o  f o u r  e q u a l l y  spaced l e v e l s ,  b o  a  s i n g l e  r e so n an c e  i s  o b s e r v e d .  I f  
an e x t e r n a l  e l e c t r i c  f i e l d  'E i s  now a p p l i e d  to  t h i s  s y s te m ,  t h i s  s i n g l e  
r e so n an c e  i s  s p l i t  i n t o  a  t r i p l e t .  An i l l u s t r a t i o n  o f  t h i s  e f f e c t  13 
shown below.
O*  0
TTie dc e l e c t r i c  f i e l d  Is  a p p l i e d  a long  t h e  c r y s t a l l i n e  [ i l l ]  
d i r e c t i o n .  I f  t h e  a n g le  be tween th e  s t a t i c  m agnet ic  f i e l d  and t h e
a p p l i e d  e l e c t r i c  f i e l d  E i s  &  , th e  e x p e c t e d  f r e q u e n c y  s h i f t  due t o  
t h e  induced  f i e l d  g r a d i e n t  i s  g iven  by"*"
h =  f i W 3 c o a * e  .  ( m
I t  i a  o bv ious  from eqn, I I I . 1 t h a t  t h e  maximum f r e q u e n c y  s h i f t  o c c u r s
b\
a t  Q  -  Of l , namely when |f £ /J [ill]. The c r y s t a l  w&s t h e r e f o r e  so 
o r i e n t e d .  T h i s  e q u a t i o n  a l s o  i n d i c a t e s  a  l i n e a r  r e l a t i o n s h i p  be tween 
t h e  f r e q u e n c y  s h i f t  and  th e  a p p l i e d  e l e c t r i c  f i e l d .  The r e l a t i o n s h i p  
was t e s t e d  e x p e r i m e n t a l l y  and i n d e e d  found t o  a p p ly  o v e r  f i e l d s  t h a t  
we u s e d .  T h e se  r e s u l t s  w i l l  b e  shown and d i s c u s s e d  s h o r t l y .
The e x p e r i m e n t s  d i s c u s s e d  h e r e  v e r e  pe r fo rm ed  on a  p u l s e d  NMF 
s p e c t r o m e t e r .  We used  a  p u l s e d  s p e c t r o m e t e r  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  
t h e  d a t a  f o r  t h e  f r e e  i n d u c t i o n  decay  i s  a c q u i r e d  in  s e v e r a l  m i l l i s e c o n d s  
a f t e r  t h e  a p p l i c a t i o n  o f  a  s e v e r a l  m ic ro s e c o n d  p u l s e .  T h i s  i s  i n s t a n ­
t a n e o u s  r e l a t i v e  t o  t h e  l e n g t h  o f  t im e  r e q u i r e d  to  sweep th ro u g h  t h e  
r e s o n a n c e s  i n  cv  t e c h n i q u e s .  Hi i s  i s  a  v a l u a b l e  f e a t u r e  when e x c e p t i o n a l  
m a g n e t i c  s t a b i l i t y  i s  r e q u i r e d .  S econd ,  t h e  a b i l i t y  t o  look  a t  t h e  mag­
n e t !  Eat ion  component 90°  o u t  o f  p h a s e  w i t h  t h e  component o f  I n t e r e s t ,  
a l l o w e d  us t o  d e t e c t  more a c c u r a t e l y  a  d r i f t e d  m agne t ic  f i e l d .  A ls o ,  
we were  a b l e  t o  s i g n a l - a v e r a g e  t h e  d a t a  more r a p i d l y  a n d ,  i f  one c o n s i d e r s  
t h e  m a g n e t i c  F i e l d  d r i f t  p o s s i b i l i t y ,  more a c c u r a t e l y  t h a n  w i t h  cv 
m e th o d s .  F i n a l l y ,  ve  do n o t  have  t h e  s a t u r a t i o n - d i s t o r t i o n  f e a t u r e  a s  
i n  cw t e c h n i q u e s .
The i n f o r m a t i o n  t h a t  i s  a c q u i r e d  from th e  f r e e  i n d u c t i o n  decay 
(FID) i s  n o t  i n  t h e  f r e q u e n c y  domain ,  b u t  r a t h e r  t h e  F o u r i e r  t r a n s f o r m ,  
o r  t h e  t im e  domain .  GB's work was done on a  c o n t in u o u s  wave (cw) sp ec ­
t r o m e t e r  t h a t  m easu re s  in  t h e  f r e q u e n c y  domain and t h e r e f o r e  t h e  d e s i r e d  
i n f o r m a t i o n  was r e a d i l y  a c c e s s i b l e .  The f r e q u e n c y  s h i f t  found he re  was 
e x t r a c t e d  v i a  a  f i t t i n g  f u n c t i o n .
U2
16I t  has ’been  Found p r e v i o u s l y  in  t h i s  l a b o r a t o r y  t h a t  t h e  
FID’ 3 o b se rv ed  in  CaAe may be  d e s c r i b e d  by
where A^  l a  a  n o r m a l i z a t io n  f i t t i n g  p a r a m e te r ,  U(I)  i s  an undamaged 
d a t a  a e t  ( i . e . ,  a d a t e  s e t  which when i t  i s  m u l t i p l i e d  by t h e  denomi­
n a t o r  o f  eqn ,  I I I , 2 i s  mocked up to  look  l i k e  a p e r f e c t  o r  undamaged
c r y s t a l  o r i e n t a t i o n  - The r a t i o  o f  t h e  r e l a t i v e  I n t e n s i t i e s  o f  th e  
s a t e l l i t e s  t o  the  c e n t r a l  component,  a s  shown in  t h e  f r eq u e n cy  sp a c e  
i l l u s t r a t i o n ,  i s  3 : ^ : 3 .  The G.b in  th e  r i t t i n g  f u n c t i o n  i s  t h e r e f o r e  
r e l a t e d  t o  t h e  c e n t r a l  component c o n t r i b u t i o n  and th e  0 , 6  t o  t h e  sum o f  
th e  s a t e l l i t e  c o n t r i b u t i o n s ,  A p l o t  o f  t h e  d a t a  and a, f u n c t i o n  o f  t h i s  
form i s  shown in  F ig .  I l l - 1*,
I f  an e x t e r n a l  e l e c t r i c  f i e l d  i s  now added t o  th e  s y s te m ,  t h e  
f i t t i n g  f u n c t i o n  may be  m o d i f i ed  as fo l low s :
( I I I . 2)
c r y s t a l ) ,  and Z and Z a r e  p r o p o r t i o n a l  t o  t h e  d e f e c t  d e n s i t y  and  t h e
A remains t h e  o v e r a l l  n o r m a l i s a t  ion p a r a m e te r ,  bu t  U ( l )  may now be
( I I I . 3}
^3
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t h o u g h t  o f  HB th e  u n s i f t e d ,  i . e .  z e r o - f i e l d ,  d a t a  s e t .  The p a ra m e te r s  
2^ and  Zp remain the same a s  b e f o r e  and i f  t h e  i m a h i f t e d  d a t a  s e t  i s  
from t h e  same c r y s t a l  as t h e  s h i f t e d  d a t a  s e t ,  then  i s  equa l  t o  E^,
To i n c o r p o r a t e  the  expected f requency  s h i f t ,  a  b e a t  t e r m  c o b  (A^T) has  
been added t o  t h e  function* A^ i s  t h e  f r eq u e n cy  B h i f t ,  v h i c h  v i l l  be 
d i s c u s s e d  in  the  next pa ragraph .  The p a r a m e te r  A^ r e p l a c e s  t h e  f ix e d  
n o r m a l i z a t i o n  o f  0 .6 ,  and a c c o u n t s  fo r  e l e c t r l c - f i e l d  in h o m o g e n e i t i e s .
The c o n n ec t io n  between and t h e  e l e c t r i c  f i e l d  in h o m o g e n e i t i e s  i s  ex­
p l a i n e d  in  Chap. IV, P lo t s  o f  th iB  f u n c t i o n  and  th e  d a t a  fo r  a l l  t h r e e  
I s o t o p e s  a r e  shown in Figs.  I I I - 5 ,  I I I - 6 ,  H I - 7 .
Our reason for m odify ing  t h e  f i t t i n g  f u n c t i o n  w i th  a  b e a t  term 
cos fA^T) may be most e a s i l y  und e rs to o d  i f  ve u se  a  frame o f  r e f e r e n c e  
t h a t  i s  s t a t i o n a r y  r e l a t i v e  t o  t h e  c e n t r a l  component o f  t h e  m agnet iza ­
t i o n  b u t  r o t a t i n g  r e l a t i v e  t o  t h e  lab  f ram e .  In t h i s  frame o f  r e f e r e n c e ,
t h e  a p p l i e d  e l e c t r i c  f i e l d  i s  c au s in g  th e  s a t e l l i t e  components o f  t h e
m a g n e t i z a t i o n  to  ro ta te  a round th e  c e n t r a l  component w i t h  a n g u la r  f r e ­
quency A^. Since th is  f r equency  s h i f t  i s  s u b s t a n t i a l  r e l a t i v e  to  the
e x p o n e n t i a l  decay, i t  must be  e x p l i c i t l y  i n c o r p o r a t e d  i n t o  t h e  f i t t i n g
f u n c t i o n .
Ab mentioned p r e v i o u s l y ,  a v e r i f i c a t i o n  o f  t h e  l i n e a r  r e l a ­
t i o n s h i p  between frequency s h i f t  and a p p l i e d  e l e c t r i c  f i e l d  has been 
made. i s  d i r e c t l y  p r o p o r t i o n a l  to  t h e  f r eq u en cy  s h i f t ,  and the
v o l t a g e  i s  d i r e c t l y  p ro p o r t i o n a l  to  t h e  e l e c t r i c  f i e l d .  S e v e ra l  p l o t s
F ig u r e  TII-5
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o f  v e r s u s  a p p l i e d  v o l t a g e  f o r  t h e  t h r e e  d i f f e r e n t  i s o t o p e s  a r e  shown 
In F i g s .  I I I - 8 ,  I I I - 9 ,  and 111-10 .  The two l i n e s  r e p r e s e n t i n g  our  r t -  
s u l t s  a r e  found from t h e  b e s t  f i t s  f o r  each  o f  t h e  two c r y s t a l s  used  
in t h e  ex per im en t  * I t  sh o u ld  be  p o i n t e d  ou t  t h a t  I s  r e l a t e d  on ly  
to  t h e  s l o p e  o f  e a c h  l i n e .
Tfte c r y s t a l s  a re  o f  i d e n t i c a l  s i z e .  The o n l y  d i f f e r e n c e  
be tween t h e  two c r y e t a i s  used  in  ou r  e x p e r i m e n t s  was In  t h e  amount o f  
s u r f a c e  a r e a  c o v e red  by each  ohmic c o n t a c t .  The c r y s t a l  w i th  c o n t a c t s  
put on a t  NRL ( r e f e r r e d  t o  In  t h e  d ia g ra m  a s  c r y s t a l  I )  was c o v e red  on 
a p p ro x im a te ly  100* o f  t h e  s u r f a c e  a r e a .  The o t h e r  c r y s t a l  v i t b  c o n t a c t s  
pu t  on a t  NASA ( c r y s t a l  I I )  was c o v e r e d  on a p p r o x i m a t e l y  50S Af t h e  
s u r f a c e  a r e a .  T h i s  means,  a l l  o t h e r  t h i n g s  b e i n g  e q u a l ,  t h a t  c r y s t a l  I I  
e x p e r i e n c e d  l a r g e r  f r i n g i n g  f i e l d s  and  t h u s  more Inhomogeneous f i e l d s  
th a n  c r y s t a l  I ,  which would t e n d  t o  d e c r e a s e  t h e  f r eq u e n c y  s h i f t  e x ­
p e c t e d  f o r  c r y s t a l  I I .  T h i s  was o b s e r v e d  a s  shown i n  F ig s .  I I I - 8  th rough  
ITI-1Q.
F ig u re s  I l l - l l  t h r o u g h  111-13  show p l o t s  o f  t h e  f i t t i n g  pa ram ete r  
v e r s u s  t h e  a p p l i e d  v o l t a g e .  In Chap. IV t h e  relation between and 
th e  e l e c t r i c - f i e l d  i n h o tn o g e n e l t l e s  i n  t h e  c r y s t a l s  i s  d i s c u s s e d .  The 
only  o b s e r v a t i o n  t h a t  one s h o u ld  make a t  t h i s  p o i n t  i e  t h a t  f o r  a l l  t h r e e  
i s o t o p e s  t h e  v a l u e s  o f  f o r  c r y s t a l  1 a r e  in  e v e r y  case  l a r g e r  t h a n  fo r  
c r y s t a l  I I .  This  i n d i c a t e s  t h a t  c r y s t a l  I I  I s  I n f l u e n c e d  by l a r g e r  e l e c ­
t r i c  f i e l d  In h o m o g e n e i t i e s  c a u s e d  p r i m a r i l y  by  f r i n g i n g  e f f e c t s .  S in c e  
c r y s t a l  I I  does h ave  s u b s t a n t i a l l y  s m a l l e r  ohmic c o n t a c t s  than  c r y s t a l  I ,
Figure 211-8
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( s e e  Appendix I )  t h e s e  f r i n g i n g  e f f e c t s  a r e  n o t  n e g l i g i b l e .  I f  th e  
c r y s t a l s  were  f r e e  from e l e c t r i c - f i e l d  in b o m o g e n e i t i e s  the  v a l u e  o f  A^ 
would remain  0 . 6 .  Ho a t t e m p t  was made t o  d e r i v e  a n y th in g  f u r t h e r  con­
c e r n i n g  from t h e s e  p l o t s .  T h e i r  s o l e  purpose  ie  t o  i n d i c a t e  a 
p h y s i c a l  t r e n d  o f  one o f  t h e  f i t t i n g  p a r a m e te r s .
Our v a l u e s  o f  R ^  ahd th e  f r equency  s h i f t s  a t  10^ V/citi are  
shown in  T ab le  111 ,1 .  As can he s e e n ,  ou r  r e s u l t s  f o r  ^ G a  and  
a g r e e  w i t h i n  e x p e r i m e n t a l  e r r o r .  A p o s i t i v e  o r  n e g a t i v e  s ign  in  not 
a s s i g n e d  t o  t h e  R  ^ v a l u e s  s i n c e  e x p e r i m e n t a l l y  we measure o n ly  an 
a b s o l u t e  v a l u e .
T a b le  I I I . 2 compares  both  t h e  e x p e r im en ta l  and the  t h e o r e t i c a l  
r e s u l t s  f o r  H ^ found i n  t h i s  r e s e a r c h  and th o s e  found by GB. The 
v a l u e s  In  t h e  column t i t l e d  f i r s t  app ro ach  a r e  the  r e s u l t s  c a l c u l a t e d  
i n  Chap. I I .  S e c .  C . l .  The r e a s o n s  f o r  q u o t i n g  on ly  our  l a r g e s t  R ^ 
v a l u e s  I s  d i s c u s s e d  in  t h e  n e x t  c h a p t e r .
5<
T ab le  111*1. E x p e r i m e n t a l  V a lu es  f o r V
- 2 i  ^Q x 10 Av i n  kHs HlU
C r y s t a l I s o t o p e (cm2 ) For 10** V/cm ClO10 cm"1 )
1
?Ga 0 . 1 9
5 .T  + 0 . 1 2 .85
I I 5 .1  + 0 . 3 2 .72
I
atC 3
H
0 , 1 2
3*6 + 0 * 2 2 .8 1
I I 3 , 1  ♦ 0 .2 2 .6 0
I
T\ S 0 * 2 9
9 - 0  + 0 .3 2 .9 3
I I 9*0 + 0 * 5 3 .16
May be  In  e r r o r  by  a s  mush a s  50Jt
T a b le  n i * 2 *  
I a o t o p e
E x p e r im e n ta l  and 
Exper im ent
T h e o r e t i c a l  R esu l t s
cm "*") This  
f i r s t  Approach
5T
fDr \ k
Research
F u l l  Theory
6 ^ a 2 * 0 5 0 .90 0.68
T l Ga P. Si o .9 o 0*68
T5As 3.16 -1*6 - 2 .3
H t (X010 cm-1-) GB
I s o t o p e Exper im en t Theory
69Ga 1 * 0 5 0.93
-4 0*9 0.93
T5a . 1 . 5 5 -1.6
#
N ote :  Used d i f f e r e n t  v a lu e s  o f  Q th a n  t h i s  r e s e a rc h
IV. Discussion
A, Exper im en ta l  R e s u l t s
One o f  t h e  m&in o b j e c t i v e s  o f  t h i s  r e s e a r c h  was t o  de termine 
i f  t h e  d i f f e r e n c e  be tw een  th e  R  ^ v a l u e s  G i l l  and Bloembergen found 
wag doe t o  on i s o t o p e  e f f e c t  o r  i f  i t  was J u s t  a  measure o f  t h e  e r r o r s  
in  t h e i r  t e c h n i q u e .  U n less  some i s o t o p e  e f f e c t  e x i s t s ,  t h e  va lues  
f o r  ^ G a  and ^ G a  w i l l  he  i d e n t i c a l .  R e f e r r i n g  t o  Table T i l  . 2 ,  we gee 
t h a t  th e  v a l u e s  f o r  R ^ ( G a }  t h a t  GB found d i f f e r  by 15% t w hereas  the 
r e s u l t s  o b t a i n e d  h e r e  a g r e e  t o  w i t h i n  1%. Based on t h e s e  r e s u l t s ,  our  
c o n c lu s io n  i s  t h a t ,  t o  w i t h i n  e x p e r i m e n t a l  a c c u r a c y ,  no I s o t o p e  e f f e c t  
e x i s t s .
I t  should  h e  mentioned a t  t h e  o u t s e t  t h a t  th e  a c t u a l  c o n s ta n t  
ve  a r e  measur ing  i s  n o t  b u t  r a t h e r  th e  p r o d u c t  :
s f f  ~ j -  i w - u
^  u «i
This  e q u a t i o n  cones d i r e c t l y  from e q n .  I I I . l  when 0 i s  s e t  e q u a l  to  
aero  d e g r e e s .  We a r e  c ap a b le  o f  c h an g in g  t h e  a p p l i e d  e l e c t r i c  f i e l d  
and m easu r ing  t h e  c o r r e s p o n d i n g  s h i f t  i n  f r e q u e n c y .  As one can s ee ,  t h i s  
w i l l  on ly  d e te rm ine  QR-^ ■ We a r e  u n a b l e  t o  make an I n d e p e n d en t  measure­
ment o f  t h e  va lue  o f  t h e  n u c l e a r  q u a d ru p o le  moment Q, and t h e r e f o r e  must 
r e l y  on t h e  a cc ep ted  v a l u e s .  The e r r o r  in  t h e s e  n u c l e a r  quadrupo le
58
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momenta may be  a s  h i g h  a s  5QS* which means t h a t  R ^ can b e  no more a c ­
c u r a t e  t h a n  t h i s  am ount ,
S in ce  t h e  n u c l e a r  q u a d ru p o le  moment v a l u e  Is  s o  u n c e r t a i n ,  
p u t t i n g  l i m i t s  on R ^  i e  r a t h e r  m ean ing le s s  * More m e a n i n g f u l  f o r  t h e  
s ak e  o r  co m p ar i so n ,  and i n  an  acc u ra cy  s e n s e ,  I s  p l a c i n g  l i m i t s  on t h e  
measured f r eq u e n cy  s h i f t .  C o n se q u e n t ly ,  i n  t h i s  v o r k  e r r o r s  have  been  
e s t i m a t e d  o n ly  f o r  t h i s  p a r a m e t e r .
There  a r e  s e v e r a l  e x p e r i m e n t a l  methods  a v a i l a b l e  t o  d e t e r m in e
2
Q t h a t  r e q u i r e  a  knowledge o f  t h e  q u a d ru p o le  i n t e r a c t i o n  e n e r g y  (e  q ^ Q )  
and  th e  e l e c t r o s t a t i c  f i e l d  g r a d i e n t  q a t  t h e  n u c l e u s .  Fo r  some atomsB v
q may be  found in  t e rm s  o f  t h e  e x p e r i m e n t a l l y  measured  f i n e  s t r u c t u r e& u
c o n s t a n t  which l i k e  q I s  dependent  upon t h e  mean v a l u e  o f  l / r ^e  (where
r  i s  t h e  d i s t a n c e  be tween t h e  n u c l e u s  and  e l e c t r o n  o f  i n t e r e s t ) .
O the r  methods i n c l u d e  m e a s u r in g  t h e  m ag n e t ic  h y p e r  f i n e  s t r u c t u r e  s p l i t t i n g
and u s i n g  t h i s  a lo n g  w i th  knowledge o f  t h e  n u c l e a r  m a g n e t ic  moment t o
d e te rm in e  ( l / r ^  } . T h i s  a l lowa  q „ t o  be  e v a l u a t e d  and when combined x  e '  ^ a t
w i t h  th e  q u a d ru p o le  i n t e r a c t i o n  a g a in  y i e l d s  Q, A l though  t h i s  I s  a  f a i r l y
20s t r a i g h t f o r w a r d  a p p r o a c h ,  S t e r n h e im e r  p o i n t e d  o u t  t h a t  t h e  i n n e r - s h e l l
e l e c t r o n s  t e n d  t o  s h i e l d  t h e  n u c l e u s  from t h e  e l e e t r l c - f i e l d  g r a d i e n t  due
t o  c h a r g es  e x t e r n a l  t o  t h e  n u c l e u s . As a  r e s u l t  t h e  q v a l u e s  found
u s i n g  t h e  above e x p e r i m e n t a l  methods ,  a r e  t o o  l a r g e  by a p p r o x i m a t e l y  b
t o  1*5 p e r c e n t  c a u s i n g  t h e  v a l u e s  o f  Q t o  be  to o  low by a  s i m i l a r  amount.
21S t i l l  a n o t h e r  method i s  used  by Townes and Dai l e y  * l a t e r
22fo l lowed  by Barnes and S m i th ,  who found t h e  a to m ic  f i e l d  g r a d i e n t s  in
6o
c o v a l e n t l y  bonded heavy  u to tna ,  where  t h e  m j  o r  c o n t r i b u t i o n  i s  due t o  
t h e  £  o r b i t a l s  i n  t h e  v a l e n c e  s h e l l *  T h e i r  method r e q u i r e s  t h e  use  o f  
t h e  atomic? f i n e  s t r u c t u r e  s e p a r a t i o n s  from a tom ic  s p e c t r a .  This  c a l *  
c u l a t i o n  works  v e r y  w e l l  i f  t h e  e l e c t r o n i c  s t a t e s  a r e  p u re  £  o r b i t a l s .
Two d i f f i c u l t i e s  may a r i s e ,  how ever .  The f i r s t  comes f rom t h e  Tact 
t h a t  t h e  bond may be  i o n i c  r a t h e r  t h a n  c o v a l e n t ,  i n  which c a s e  t h e  
c l o s e d - s h e l l  e l e c t r o n s  t e n d  t o  s h i e l d  e x t e r n a l  c h a r g es  from th e  n u c l e u s ,  
and t h u s  q i s  a c t u a l l y  r e d u c e d .  The second  d i f f i c u l t y  comes i f  t h e r e
aw
i s  any h y b r i d i z a t i o n  o f  t h e  o r b i t a l s ,  b e c a u s e  sp h y b r id s  t e n d  t o  reduce  
q , w h i l e  pd  h y b r i d s  i n c r e a s e  i t s  v a l u e .Q.Ti
The v a l u e s  o f  Q used  in  t h i s  r e s e a r c h  a r e  in  f a c t  d i f f e r e n t
from t h o s e  u s e d  by  GB. T h e re  a r e  two r e a s o n s  f o r  t h i s .  F i r s t ,  t h e  v a lu e s
t h a t  a r e  u s ed  h e r e  a r e  more r e c e n t l y  measured  numbers,  w h ich  acknowledging
more s e n s i t i v e  i n s t r u m e n t a t i o n ,  a r e  assumed more a c c u r a t e .  Second and
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more i m p o r t a n t l y ,  t h e  r a t i o  o f  t h e  n u c l e a r  q u a d ru p o le  moments o f  Ga
t o  ^ G a  i s  w e l l  e s t a b l i s h e d  t o  be  1 . 5 0 7 ^  which i s  t h e  r a t i o  used  in
t h i s  r e s e a r c h ,  CB'a q u a d r u p o l e  momenta have  t h e  r a t i o  1 .6 3  which makes
o u r  numbers more i n t e r n a l l y  c o n s i s t e n t .
T a b le  IV, 1 shows a  com par ison  o f  t h e  r e s u l t s  o b t a i n e d  in  t h i s
r e s e a r c h  w i t h  t h o s e  by  GB and BMMP. A l l  v a l u e s  shown a r e  c a l c u l a t e d
assum ing  t h e  same n u c l e a r  q u a d r u p o l e  momenta.  Frequency s h i f t s  f o r  the
work by BMMP a r e  n o t  q u o t e d  h e r e  s i n c e  t h e y  d i d  n o t  measure  any .
I t  I 3 a l s o  w o r th  n o t i n g  a t  t h i s  t i m e ,  t h a t  in  a  p a p e r  by J o h n s to n  
2Uand Kaminow, an  R ^ - t y p e  e x p e r im e n t  has  b e e n  done u s i n g  Raman s c a t ­
t e r i n g  m e th o d s .
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We f i n d  t h a t  ( a s i d e  from any e r r o r s  due  t o  th e  t a b u l a t e d  
v a lu e s  o f  t h e  q u a d ru p o le  moment Q),  any d e v i a t i o n s  from an o p t i m a l  con ­
f i g u r a t i o n  i n  t h e  ex per im en t  would  have t h e  e f f e c t  o f  d e c r e a s i n g  t h e  
measured f r eq u e n cy  s h i f t *  f o r  exam ple ,  from e q n . 111*1 we s e e  t h a t  t h e  
f r equency  s h i f t  i s  a  maximum when t h e  s t a t i c  m a g n e t ic  f i e l d  i s  p a r a l l e l  
t o  t h e  a p p l i e d  e l e c t r i c  f i e l d *  I f  t h e  a n g l e  be tw een  th e  m a g n e t i c  f i e l d  
and t h e  e l e c t r i c  f i e l d  i s  s l i g h t l y  g r e a t e r  than  a e r o  d e g r e e s ,  t h i s  would  
d e c r e a se  t h e  f requency  s h i f t  and  thus  d e c r e a s e  t h e  c a l c u l a t e d  v a l u e  o f  
. In ou r  e x p e r i m e n t , we a r e  assum ing  t h a t  we a r e  a b l e  t o  m easu re  t h e  
ang le  t o  w i t h i n  p lus  o r  minus f i v e  d e g r e e s ,  Also we would g e t  a  s m a l l e r  
v a lu e  f o r  i f  t h e  e l e c t r i c  f i e l d  I s  l e s s  t h a n  we c a l c u l a t e .  The main 
mechanism f o r  g i v i n g  ujs a r e d u c e d  f i e l d  a r e  e l e c t r i c - f i e l d  i n h o m o g e n e i t i e s , 
These e l e c t r i e - f i e l d  i n h o m o g e n e i t i e s  c o u l d  a r i s e  from a n o n u n i fo r m  
t h i c k n e s s  o f  t h e  c r y s t a l  and a l s o  from f r i n g i n g  e f f e c t s  due  t o  t h e  s i i e  
o f  t h e  ohmic c o n t a c t  i n  r e l a t i o n  t o  t h e  e l s e  o f  t h e  c r y s t a l  s u r f a c e  a r e a *  
More d e t a i l s  c o n c e r n i n g  a  q u a n t i t a t i v e  e s t i m a t e  f o r  t h e  e i s e  o f  t h e s e  
f r i n g i n g  f i e l d s  a re  g iv e n  below* The n a t u r e  o f  t h e s e  i n h o m o g e n e i t i e a  
I s  always t o  reduce  t h e  e l e c t r i c  f i e l d  i n s i d e  t h e  c r y s t a l .  I f  t h e  c r y s t a l  
MseeEM a s m a l l e r  f i e l d  on t h e  a v e r a g e ,  t h e r e  would be a  s m a l l e r  f r e q u e n c y  
s h i f t ,  and a g a i n  t h e  R ^  v a l u e  would be  reduced*
Ae mentioned l h  Chap. I l l ,  we d e c id e d  t o  t e s t  t h e  l i n e a r i t y  o f  
t h e  f r e q u e n c y  s h i f t  v e r s u s  t h e  a p p l i e d  e l e c t r i c  f i e l d  r a t h e r  t h a n  t a k e  
d a t a  a t  two p o i n t s  and assume a  l i n e a r  r e l a t i o n s h i p .  The r e s u l t s  i n d i ­
c a te d  by t h e  ve rsus  a p p l i e d  v o l t a g e  p l o t s  in  Figs*  I T I - 6  t o  111-10 
do Indeed v e r i f y  t h e  l i n e a r  r e l a t i o n s h i p .
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T h e re  a r e  s e v e r a l  s o u r c e s  o r  e r r o r  c o n t r i b u t i n g  t o  t h e  l i m i t s  
I n d i c a t e d  on e ac h  p o i n t  o f  t h o s e  p l o t s .  F i r s t ,  t h e r e  i s  an  u n c e r t a i n t y  
o f  f i v e  d e g r e e s  i n  t h e  o r i e n t a t i o n  m easu rem en t .  T h i s  u n c e r t a i n t y  r e ­
m ains  t h e  same f o r  e ac h  d a t a  p o i n t  i n  e v e r y  d a t a  s e t .  There  l a  a l s o  an
u n c e r t a i n t y  I n  t h e  f r e q u e n c y  s h i f t  fo u n d  by t h e  f i t t i n g  r o u t i n e  t h a t  1b
a r e s u l t  o f  hov  w e l l  t h e  f i t t i n g  f u n c t i o n  1 b a b l e  t o  f i t  t h e  d a t a .  The 
d e v i a t i o n  i n  t h i s  caEe i s  d i f f e r e n t  f o r  e v e r y  FID* b e c a u s e  some cu rves  
h ave  b e t t e r  f i t s  t h a n  o t h e r s .  The l o w - v o l t a g e  p o i n t s  have  t h e  g r e a t e s t  
f i t t i n g  u n c e r t a i n t y ,  a i n c e  t h e  f r e q u e n c y  s h i f t  i s  ao  s m a l l  t h e  change
i n  l i n e a h a p e  I s  b a r e l y  d i s c e r n i b l e .  T y p i c a l l y ,  t h e  FID l a s t s  S O Q ^ s e c ,
71Thus  i f  we t a k e  t h e  w o r s t  c a s e ,  which l a  Ga, and  l o o k  a t  t h e  s h i f t  a t  
600 V, t h e  n t  g i v e s  U3 a  s h i f t  o f  2,1* kHz. T h i s  i s  a  p e r i o d  o f  a p p r o x i ­
m a te ly  hOO ^  Hec, so t h a t  f i t  would  n o t  be  s e n s i t i v e  t n  t h i s  s h i f t .
F i n a l l y ,  we have  t o  a c c o u n t  f o r  t h e  u n c e r t a i n t y  in  t h e  e l e c t r i c  
f i e l d  c a u s e d  by f r i n g i n g  e f f e c t s .  T h i s  u n c e r t a i n t y  I s  a  r e s u l t  o f  bo th  
t h e  n o n u n i fo r m  t h i c k n e s s  o f  t h e  c r y s t a l  and  a l s o  t h e  p r e c i s i o n  o f  th e  
v o l t a g e  r e a d i n g  f o r  each  v o l t a g e .  The u n c e r t a i n t y  i n  r e a d i n g  t h e  mete r 
was p l u s  o r  minus t e n  v o l t s ,  t h e r e f o r e  t h e  lo w er  t h e  v o l t a g e  t h e  l a r g e r  
t h e  e f f e c t  o f  an i m p r e c i s e  r e a d i n g .  S i n c e  t h e  u n c e r t a i n t y  on each  d a t a  
p o i n t  was d i f f e r e n t ,  a  w e i g h t e d  a v e r a g e  hafl t o  be  t a k e n  i n  d e t e r m i n i n g  
t h e  v a l u e  o f  R ^ . The l i m i t s  q u o te d  on t h e  f r e q u e n c y  s h i f t s  shown in  
T ab le  IV .1 r e p r e s e n t  t h e  r e s u l t s  o f  t h i s  w e i g h t e d  a v e r a g e ,  w h i l e  t h e  
l i m i t s  on t h e  p o i n t s  In  t h e  v e r s u s  a p p l i e d - v o l t a g e  p l o t s  ( F i g s ,  I I 1-6 
t h r o u g h  i r i - 1 0 )  i n d i c a t e  t h e  p r e c i s i o n  t o  which each  d a t a  p o i n t  i s  known.
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Examining t h e  v e r s u s  a p p l i e d - v o l t a g e  p l o t s ,  one n o t i c e s  t h a t  
the re  i s  a  d i f f e r e n c e  in  f r equency  s h i f t  between c r y s t a l  I and  I I  fo r  
the same v o l tag e .  We have ment ioned  s e v e r a l  c au se s  f o r  a v a r i a t i o n  in  
the f requency  s h i f t  a l r e a d y .  I f  t h e  f r equency  d i s c r e p a n c y  be tween t h e  
two c r y s t a l s  were c au s e d  e n t i r e l y  by an o r i e n t a t i o n  p rob lem,  t h e n  bo th  
c r y s t a l s  would have t o  have been  c o n s i s t e n t l y  o f f s e t  from each  o t h e r  by 
f i f t e e n  degrees f o r  b o th  da i s o t o p e s .  This  i s  h i g h l y  im probab le .  F i r s t  
of a l l ,  bo th  i s o t o p e s  y i e l d  e s s e n t i a l l y  t h e  same v a lu e  f o r  R ^ fo r  a 
given c r y s t a l .  T h i s  sugges ts  t h a t  the  a n g le  was v e ry  r e p r o d u c i b l e  f o r  
a g iven c r y s t a l ,  f o r  d i f f e r e n t  i s o t o p e s .  ( I t  must be  p o i n t e d  o u t  t h a t  
the probe  was removed a  t o t a l  o f  fou r  t i m e s ,  so t h a t  t h e  c i r c u i t  cou ld  
be tu n ed  fo r  each o f  th e  i s o t o p e s  fo r  each c r y s t a l .  The c o n s i s t e n t
e q u a l i t y  fo r  the  two i s o to p e s  im p l ie s  t h a t  t h e  probe  vf\ b r e p l a c e d  a t
the same ang le .  T h i s  a p p l i e d  t o  both  c r y s t a l s  -  a  t o t a l  o f  f o u r  c a s e s . )  
Second ly , the  Ft^ v a l u e  d i f f e r s  between th e  two c r y s t a l s  by t h e  same 
amount f o r  each I s o t o p e ,  S ince  th e  angle  was ao a c c u r a t e l y  r e p r o d u c i b l e ,  
and s i n c e  the  method o f  o r i e n t a t i o n  was i d e n t i c a l  f o r  each  c r y s t a l ,  i t  
seems h ig h ly  u n l i k e l y  t h a t  t h e  ang le  f o r  c r y s t a l  I I  c o n s i s t e n t l y  d i f f e r e d
from t h e  angle f o r  c r y s t a l  1 by  f i f t e e n  d e g re e s ,
A more p l a u s i b l e  e x p l a n a t i o n  o f  t h e  d i f f e r e n c e  o f  v a l u e s  b e ­
tween c r y s t a l s  i s  t h a t  th e  e l e c t r i c  f i e l d  in  c r y s t a l  I I  was l e s s  homo­
geneous than t h a t  I n  c r y s t a l  I ,  as d i s c u s s e d  above.  The r e a d e r  i s
r e f e r r e d  t o  Appendix I ,  where a  s imple  model i s  used t o  i l l u s t r a t e  t h e
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d i f f e r e n c e  between th e  f i e l d s  i n s i d e  c r y s t a l s  w i t h  d i f f e r e n t ,  a i z e  ohmic 
c o n t a c t s .  I t  i s  e s t a b l i s h e d  t h e r e  t h a t  c r y s t a l  I I  h a s  a  l a r g e r  p e r c e n t ­
age o f  i t s  volume in  a l o v e r  av erage  e l e c t r i c  f i e l d  t h a n  c r y s t a l  1. Thus 
one can  s e e  t h a t  t h e  av erage  f requency  B h i f t  f o r  c r y s t a l  IT I s  al&o 
lower  t h a n  c r y s t a l  I ,  s i n c e  t h e  f requency  s h i f t  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  e l e c t r i c  f i e l d .  As we have seen  b e f o r e ,  a  s m a l l e r  f requency  
s h i f t  f o r  a g iven  e l e c t r i c  f i e l d  y i e l d s  a  s m a l l e r  v a l u e .  The l a r g e r
inhoitiogenel ty  in  c r y s t a l  I I  e x p l a i n s  t h e  d i s c r e p a n c y  between t h e  Fl^
v a l u e s  f o r  the  two c r y s t a l s .  In f a c t  u s ing  t h e  c o r r e c t i o n  f a c t o r s  c&l-
6 9c u l a t e d  i n  Appendix I , we f i n d  t h a t  f o r  Ca t h e  v a lu e s  f o r  the  tv o
71d i f f e r e n t  c r y s t a l s  ag ree  t o  w i t h i n  5^ o f  each o t h e r  and f o r  Ga to
w i t h i n  3t% o f  each o t h e r .  As s t a t e d  t h e r e  t h e  c o r r e c t e d  Ft ^ v a l u e s  a r e
and show by means o f  a q u a l i t a t i v e  argument t h a t  I t  l a  r e l a t e d  t o  th e  
e l e c t r i c - f i e l d  inho jnagene i ty , O r i g i n a l l y  when we were  lo o k in g  fo r  a 
f i t t i n g  f u n c t io n  fo r  t h e  d a t a ,  we m od if ied  eqn .  ITT . 2 to  read
R ^tG a}  = 3.13 x 1010 cm"1
and
R  ^tAs > = 3.35 x 1010 cm” 1
I>et us tu r n  our a t t e n t i o n  t o  t h e  cu rve  f i t t i n g  p a r a m e t e r  A
0-1 t  O.t e
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N o t ic e  t h a t  t h i s  I s  J u s t  a  t v o  p a r a m e t e r  f i t t i n g  f u n c t i o n .  The r e l a t i v e  
i n t e n s i t i e s  o f  t h e  s a t e l l i t e  t r a n s i t i o n s  (0 .6 }  and  c e n t r a l  component 
(0 , l i )  o f  t h e  NMR l i n e  have  been  l e f t  unchanged i n  eqn .  IV .2 .  We d id  n o t  
e x p e c t  t h a t  th e  a p p l i c a t i o n  o f  an  e x t e r n a l  e l e c t r i c  f i e l d  would a p p r e ­
c i a b l y  s h i f t  t h e  r e l a t i v e  l i n e  i n t e n s i t i e s .  F i g u r e  IV-1 shows a t y p i c a l  
p l o t  o f  t h i s  two p a r a m e t e r  f i t t i n g  f u n c t i o n  v e r s u s  t h e  d a t a .  The f i t ­
t i n g  f u n c t i o n  s u c c e e d s  i n  f i t t i n g  t h e  f r e q u e n c y  o f  t h e  o s c i l l a t i o n  i n  
t h e  d a t a  bu t  does  n o t  f i t  th e  a m p l i t u d e s .  For t h i 3  r e a s o n  we went t o  t h e  
t h r e e - p a r a m e t e r  f i t t i n g  f u n c t i o n  ( e q n .  I I I . 3) In  which we c h an g e d  t h e  v a l u e
0 . 6  t o  an a d j u s t a b l e  p a r a m e t e r * A^. The r e s u l t  o f  a p p l y i n g  t h i s  t h r e e  
p a r a m e t e r  f i t  i s  as shown in  F i g ,  IV -2 .
To u n d e r s t a n d  p h y s i c a l l y  why t h i s  m o d i f i c a t i o n  i s  n e c e s s a r y ,  
c o n s i d e r  a r o t a t i n g  f rame o f  r e f e r e n c e  t h a t  i s  s t a t i o n a r y  w i t h  r e s p e c t  
t o  t h e  c e n t r a l  c o m p o n e n t ,  as  i l l u s t r a t e d  below,
A wO-4
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V e c to r  A, which r e p r e s e n t s  t h e  c e n t r a l  component o f  th e  m a g n e t i z a t i o n ,  
has  a  r e l a t i v e  m a g n i tu d e  o f  O.U and l a  s t a t i o n a r y .  V ec to r s  B and B* 
r e p r e s e n t  t h e  s a t e l l i t e  components  o f  t h e  m a g n e t i z a t i o n ,  w h ich  have 
r e l a t i v e  m agn i tudes  o f  0 . 3  each  a n d  a r e  moving away from t h e  c e n t r a l  
component .  The cos l V >  te rm  i n  t h e  f i t t i n g  f u n c t i o n  eqn. I I I . 3
6T
F ig u r e  IV -1
71
P lo t  o f  Ga data  versus th e  two p a ra m e te r  f i t t i n g  f u n c t i o n  o f  eqn, IV.?
n G a 1 8 0 0  V
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F ig u r e  IV-2
71P l o t  o f  Ga d a t a  v e ra u e  t h e  t h r e e  p a r a m e t e r  f i t t i n g  f u n c t i o n  o f  eqn .  T I T , 3
[>ATA
Y  u i /  i,1 i j  i.1 .-S. V, 'i.1 iV i.i '.Y i '  ii'j i.i
r I ‘I I .  ‘  H  | . . - i l l  -I f  n  M l  H I V I Lr
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a c c o u n t s  f o r  B a n d  B' moving away from A w i th  an  a n g u la r  f r e q u e n c y  of  
A^, I f  t h e r e  w ere  a  p e r f e c t l y  homogeneous a p p l i e d  e l e c t r i c  f i e l d ,  the  
v e c t o r s  B and B* would n o t  decay  ( i g n o r i n g  a l l  o t h e r  b ro a d e n in g  p r o ­
c e s s e s )  b u t  w ou ld  c y c le  a ro u n d  A* This  would y i e l d  an FID as shown 
be low .
Tl i is  b e h a v i o r  i s  n o t ,  how ever ,  o b s e r v e d .  There  a r e  o t h e r  b ro a d e n in g  
mechanisms t h a t  cuaso  t h e  FID t o  damp o u t .
Even more i m p o r t a n t l y  h e r e , t h e r e  i s  ait inhomogeneous e l e c ­
t r i c  f i e l d  t h r o u g h o u t  t h e  c r y s t a l ,  h a v in g  a  c o n t r i b u t i o n  t o  t h e  damping 
t h a t  c an n o t  be  i g n o r e d .  Looking j u s t  a t  t h e  c o n t r i b u t i o n  o f  t h e  e l e c ­
t r i c  f i e l d  i n h o m o g e n e i t y , we f i n d  t h a t  t h e  v e c t o r s  B and Bf a r e  no 
l o n g e r  composed o f  s p in  v e c t o r s  p r e c e a s i n g  w i t h  t h e  same a n g u l a r  f r e ­
quency ,  b u t  a r e  composed o f  s p i n  v e c t o r s  p r e c e s s i n g  a t  s l i g h t l y  d i f ­
f e r e n t  r a t e s .  The r e s u l t  i s  t h a t  t h e  s p i n a  composing a  s a t e l l i t e  g r a d u a l ly  
de p h ase  o r  f a n  o u t .  C onsequen t ly  t h e  s a t e l l i t e  v e c t o r ,  which i s  th e  vec­
t o r  sum o f  t h e  s p i n s  t h a t  a r e  f a n n in g  o u t ,  decays  in  l e n g t h  a s  i t  p r e -  
c e s s e s  .
I n  o r d e r  t o  i n c o r p o r a t e  t h e  d e p h a s in g  o f  t h e  s a t e l l i t e  v e c t o r s , 
we must m odify  t h e  o r i g i n a l  tw o -p a ra m e te r  f i t t i n g  f u n c t i o n  ( e q n .  IV .2)
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by I n t r o d u c i n g  a  f u n c t i o n  t h a t  d e ca y s  i n  t i m e ,  and a c t s  o n ly  on t h e  
s a t e l l i t e  te r ras .  In  o t h e r  w o rd s ,  t h e  0 , 6  s h o u ld  be  r e p l a c e d  by a 
f u n c t i o n  t h a t  d e c a y s  i n  t im e  from an i n i t i a l  v a l u e  o f  0 . 6 .  I t  must 
be  emphas ised  t h a t  t h e  form o f  t h i s  d e c a y in g  f u n c t i o n  i s  n o t  d e p en d e n t  
on th e  p h y s i c a l  n a t u r e  o f  GaAs, b u t  m ere ly  depends  on t h e  geometry o f  
t h e  c r y s t a l  and ohmic c o n t a c t s .  In  p a r t i c u l a r  t h e  f u n c t i o n  depends  on 
t h e  in h o r a o g e n e i t i e s  o f  t h e  e l e c t r i c  f i e l d  t h a t  r e s u l t  from th e  f i n i t e  
s l a e  o f  t h e  c a p a c i t o r  p l a t e a  formed by t h e  ohmic c o n t a c t s .
As m e n t io n e d  e a r l i e r ,  and  as I n d i c a t e d  i n  F ig ,  TV-.?, we were  
a b l e  t o  o b t a i n  an  a d e q u a t e  f i t  m e re ly  by r e p l a c i n g  t h e  0 . 6  by a v a r i a b l e  
p a r a m e te r  {A ) ,  I n  e f f e c t ,  t h i s  p a r a m e t e r  was u s e d  t o  a d j u s t  th e  am­
p l i t u d e  o f  t h e  o s c i l l a t i o n  in  t h e  f i t t i n g  f u n c t i o n  u n t i l  t h e  f i r s t  
o s c i l l a t i o n  c y c l e  f i t  t h e  m easured  d a t a  w e l l .  S u b seq u en t  o s c i l l a t i o n s  
w e r e , o f  c o u r s e ,  n o t  f i t  a s  w e l l ,  b u t  s i n c e  t h e  FID d e ca y e d  f a i r l y  
r a p i d l y ,  th e  c o n t r i b u t i o n  from l a t e r  o s c i l l a t i o n s  was n o t  Im p o r tan t  t o  
f i n d i n g  a  c o r r e c t  v a l u e  f o r  t h e  o s c i l l a t i o n  f r e q u e n c y  A^.
In Appendix  I I ,  we expound on t h e  r e l a t i o n s h i p  between A^ an d  
t h e  e l e c t r i c - f i e l d  i n h o m o g e n e i ty .  By t h e  u s e  o f  a  q u a n t i t a t i v e  a r g u m e n t ,  
we f i n d  t h a t  A^ s h o u l d  be  l e s s  t h a n  0 , 6  I f  Inhomogeneoue f i e l d s  a r e  
t a k e n  i n t o  a c c o u n t .  I t  i s  i n f o r m a t i v e  t o  o b s e r v e  t h a t  f o r  c r y s t a l  I I ,  
which has  a  g r e a t e r  f i e l d  in h o m o g e n e i ty  t h a n  c r y s t a l  I ,  t h e  v a l u e s  o f  
a re  much lo w er  t h a n  f o r  c r y s t a l  I ,  on t h e  o r d e r  o f  0 . 3 .  This  i s  J u a t  
as ve  would e x p e c t ,  s i n c e  g r e a t e r  f i e l d  in h o m o g e n e i ty  l e a d s  t o  f a s t e r
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d e c a y  o f  t h e  s a t e l l i t e s *  which in  t u r n  w i l l  r e q u i r e  a sm&Her value o f
A^ in  o r d e r  t o  f i t  t h e  f i r s t  o s c i l l a t i o n  o f  t h e  FID.
One o f  t h e  As d a t a  s e t a *  a s  aeen In F ig .  111-10, does not
go th ro u g h  = 0 a t  E = 0 ,  No r e a s o n  o r  e x p la n a t io n  i s  offered
f o r  t h i s .  A l l  o t h e r  d a t a  setH gu th ro u g h  th e  o r i g i n .  The value of 
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f o r  t h a t  As d a t a  s e t  was found  hy  meartE o f  a l e a s t  squares f i t  where 
t h e  s l o p e  was d i r e c t l y  r e l a t e d  t o  . However, s i n c e  the  data se t  was 
i n  q u e s t i o n ,  l i t t l e  em phas is  w i l l  be  p l a c e d  on i t s  r e s u l t s .
B. T h e o r e t i c a l  H e s u l t a
The t v o - e l e c t r o n  b o n d - o r b i t a l  model has been used in the p a s t  
t o  c a l c u l a t e  a  v i d e  ran g e  o f  p h y s i c a l  p r o p e r t i e s  such as the d i e l e c t r i c  
c o n s t a n t *  t h e  e l e c t r o n  d e n s i t y  and p o l a r i t y ,  and t h e  cohesive  energy to  
name J u s t  a  few. I t  was t h e  t h e o r e t i c a l  goal o f  t h i s  research to ex­
t e n d  t h e  model t o  i n c l u d e  t h e  c a l c u l a t i o n  o f  R ^ , This  was done and 
t h e  r e s u l t s  were r e p o r t e d  i n  Chap. I I ,
In Chap. I I ,  3 e c . C . l , v e  made th e  approx im a t ion  t h a t  the second 
t e r m  in  eqn ,  I I . I B  c o u ld  be  i g n o r e d .  This  te rm  in v o lv e s  both e lec t rons  
i n  t h e  h i g h e s t  e x c i t e d  s t a t e .  Dropping  t h i s  te rm  was J u s t i f i e d ,  as we 
can  s e e  from t h e  f u l l  t h e o r y ,  b e c a u s e  f o r  Ga i t  c o n t r i b u t e s  less  than  
p e r c e n t  o f  t h e  f i r s t  t e r m  w h i l e  f o r  Aa i t  c o n t r i b u t e d  only 0.6 percen t  
o f  t h e  f i r E t  t e rm .  We a l s o  a l l o w e d  th e  m a t r ix  e lem ent  <«J eq | I ? )  
t o  be  e q u a te d  w i th  t h e  e x p e r i m e n t a l  number eq , which iB the  e l e c t r i c -&w
f i e l d  g r a d i e n t  a t  t h e  n u c l e u s  due t o  t h e  s u r ro u n d in g  o r b i t a l  e l e c t r o n s .
T?
In P a r t  A o f  t h i s  c h a p t e r ,  some o f  t h e  d i f f i c u l t y  o f  measur ing  eq , wasa t
d i s c u s s e d .  S in c e  t h e  m a jo r  c o n t r i b u t i o n  t o  o u r  c o v a l e n t  f i e l d  g r a d i e n t  
comes from t h i s  te rm  I t  p l a c e s  a  h e a v i e r  b u rd e n  on i t s  a c c u r a c y .  The 
d i p o l e —moment matrix,  e l e m e n t  t h a t  was c a l c u l a t e d  r e p r e s e n t s  t h e  con-**- 
t r i b u t i o n  t o  t h e  change i n  energy  from th e  e l e c t r o n s  i n  the  e x t e r n a l  
e l e c t r i c  f i e l d .  Tt i s  s t r o n g l y  dependen t  on e l e c t r o n  c o r r e l a t i o n s  which 
t h e  BOM was d e s ig n e d  t o  i n c o r p o r a t e .  The t h e o r e t i c a l  R  ^ numbers c a l ­
c u l a t e d  in  Chap, I I ,  S e c . C . l ,  a g re e  e x t re m e ly  w e l l  w i t h  t h e  v a l u e s  found
by GB. Thie i s  n o t  t o t a l l y  s u r p r i s i n g  s i n c e  b o th  works used t h e  same
25e x p e r i m e n t a l  eq . number, a t
The bond o r b i t a l  model i s  no t  a  f i r e t - p r i n c i  p i e s  model and i3
d e r i v e d  from s e v e r a l  s i m p l i f y i n g  a p p r o x i m a t i o n s .  The model assumes t h a t  
3
t h e  ejj h y b r id s  t h a t  form t h e  bonds p r o v i d e  a  com ple te  d e s c r i p t i o n  of
t h e  w a v e f u n c t io n s .  A l though  t h e s e  jj and £  h y b r i d s  may be o p t i m i z e d ,
o t h e r  a tomic  s t a t e s  sh o u ld  be  i n c l u d e d  t o  form a com p le te  s e t  o f  s t a t e s .
3
The consequence  o f  t h i s  i s  t h a t  t h e  j3£ h y b r i d s  t h a t  were  c hosen  a re  
n o t  l o c a l i z e d  enough and e x t e n d  t o o  f a r  i n t o  t h e  b an d .  The p a ra m e te r  
most e f f e c t e d  in  our  caHe I s  p  , which depends a e n s i t i v e l y  on t h e  
b o n d - o r b i t a l  w a v e f u n c t io n s .  We f i n d  in  t h e  BOM t h a t  most o f  t h e  e l e c ­
t r o n s  a r e  d i s t r i b u t e d  a ro u n d  t h e  As n u c le u s  l e a v i n g  t h e  Ca n u c l e u s  with  
fewer  e l e c t r o n s  t h a n  i s  r e a l i s t i c a l l y  t h e  c a s e .  These  f a c t s  a r e  obvious  
from our  r e s u l t s .  The c o n t r i b u t i o n  t o  t h e  e l e c t r i c —f i e l d  g r a d i e n t  a t  
t h e  n u c l e u s  from t h e  s u r r o u n d i n g  e l e c t r o n s  i a  to o  s m a l l  fo r  t h e  As atom 
and much to o  sm a l l  f o r  t h e  Ga atom. Tf t h e  s p  ^ h y b r i d s  were o p t im iz e d
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by c o n t r a c t i n g  them and t h u s  l o c a l i z i n g  them m ore ,  t h e  Ga c o n t r i b u t i o n  
would i n c r e a s e  w h i le  t h e  As one  would d e c r e a s e .  T h i s  t r e n d  would 
a c h i e v e  b e t t e r  agreement  w i t h  o u r  e x p e r i m e n t a l  Ga r e s u l t s ,  b u t  would 
lo w er  t h e  As va lue  c a u s in g  a  l a r g e r  d i s c r e p a n c y  w i t h  i t s  e x p e r i m e n t a l  
c o u n t e r p a r t .  However,  t h e s e  s u g g e s t i o n s  s h o u ld  n o t  d e t r a c t  from t h e  
f a c t  t h a t  o u r  t h e o r e t i c a l  r e a u l t s  c a n e  a s  c l o e e  a s  t h e y  d i d .  I f  one 
k eep s  in  mind  th e  model t h a t  was u s e d  and  t h e  a p p r o x i m a t i o n s  t h a t  went 
i n t o  i t ,  o n e  c o n c lu d e s  t h a t  t h e  a g re em e n t  be tween e x p e r i m e n t  and t h e o r y  
I s  rem ark ab le*
C. Summary
The d e t e r m i n a t i o n  o f  th e  c o u p l i n g  c o n s t a n t  R ^ h a s  been  done 
by o t h e r s  p r i o r  t o  t h i s  r e s e a r c h .  The p u rp o s e  o f  t h i s  s t u d y  t h e r e f o r e ,  
was n o t  t o  o b s e r v e  a  phenomena n ev e r  s e e n  b e f o r e ,  b u t  r a t h e r  t o  Improve 
on t h e  p r e v i o u s  r e s u l t s .  I t  i s  ou r  o p i n i o n  t h a t  we s u c c e e d e d  i n  t h i s  
e n d ea v o r .
We d id  n o t  r e p r o d u c e  t h e  e s t a b l i s h e d  s t a t i c  c o n s t a n t s .  In  
p a r t  t h i s  I s  b e c a u s e  o f  t h e  d i f f e r e n t  v a l u e s  o f  t h e  n u c l e a r  q u ad ru p o le  
moment t h a t  a r e  used  in  t h e  d i f f e r e n t  w o rks .  However,  t h e  main d i f ­
f e r e n c e  l i e s  in  t h e  measured  f r e q u e n c y  s h i f t s  a s  a  f u n c t i o n  o f  t h e  
a p p l i e d  e l e c t r i c  f i e l d .  T h i s  r e s e a r c h  measured and  v e r i f i e d  t h e  l i n e a r  
r e l a t i o n s h i p  between th e  tw o .  I t  a p p e a r s  from GB's p a p e r ,  s i n c e  no 
s t a t e m e n t  t o  t h e  c o n t r a r y  was g i v e n ,  t h a t  t h e  p r e v i o u s  work dope by them 
assumed t h i s  r e l a t i o n s h i p  h e l d  t r u e  and  o n ly  t o o k  r e a d i n g s  a t  ee ro
lb
e l e c t r i c  f i e l d  and  a t  a  f i e l d  o f  a p p r o x im a te ly  2 0 ,0 0 0  V/cin, I f  t h i s  i s  
t h e  c a s e ,  one would have  t o  r e l y  v e ry  h e a v i l y  on t h e  a c c u r a c y  o f  t h a t  
one h i g h  v o l t a g e  r e a d i n g .  In  our  c a s e ,  by t a k i n g  a  w e i g h t e d  average  
o v e r  t h e  d a t a  p o i n t s ,  we a r e  a b l e  t o  min imize  t h e  s t a t i s t i c a l  f l u c t u a ­
t i o n s ,  and  any  o b v i o u s  d e v i a t i o n s  due t o  m agnet ic  f i e l d  i n s t a b i l i t y  
becomes a p p a r e n t .
We found  t h a t  t h e  v a l u e  o f  i s  v e ry  h e a v i l y  dependen t  on
t h e  n u c l e a r  q u a d r u p o l e  moment number Q. As we have  s ee n  t h i s  tends  t o  
cause  a  g r e a t  d e a l  o f  u n c e r t a i n t y  i n  t h e  a c t u a l  number Bince Q may
be i n  e r r o r  by  a s  much a s  50 p e r c e n t .  More w o r th w h i l e  and p r e c i e e  i s  
t h e  p r o d u c t  w h ich  i s  in  f a c t  what we d e t e r m in e d  i n  o u r  exper im en t .
In t h e  a rg u m en ts  made tow ard  t h e  end o f  Sec .  A o f  t h i s  c h a p t e r ,  
we found  s e v e r a l  p o s s i b l e  r e a s o n s  f o r  t h e  d i s c r e p a n c y  be tw een  f requency  
s h i f t s  m easured  f o r  c r y s t a l  1 and  c r y s t a l  I I .  With t h e s e  arguments  in  
mind, i t  seems r e a s o n a b l e  t o  q u o te  o n l y  t h e  h i g h e r  v a l u e s  o f  as our
e x p e r i m e n t a l  num bers .  Those  v a l u e s  a r e  r e p o r t e d  In  T a b l e  I V , 1.
I t  h a s  a l r e a d y  b e e n  m e n t io n e d  t h a t  u n l e s s  a l l  t h e  necesBary 
conditions on e l e c t r i c  f i e l d ,  c r y s t a l  orientation and such  a r e  o p t im iz e d ,  
t h e  tendency i a  to r e d u c e  t h e  f r e q u e n c y  s h i f t  t h u s  r e d u c i n g  S ince
In  a l l  e a s e s  we do o b s e r v e  a  l a r g e r  f r eq u e n cy  s h i f t  t h a n  GB, we are  J u s ­
t i f i e d  i n  saying t h a t  o u r  v a l u e s  a r e  more a c c u r a t e  t h a n  t h e i r s .
The t h e o r e t i c a l  p o r t i o n  o f  t h i s  r e s e a r c h  a l s o  ends  on a p o s i ­
t i v e  n o t e .  A f u l l  t h e o r e t i c a l  model was used  t o  p r e d i c t  t h e  va lue  o f
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The r e s u l t s  f o r  R ^  a re  s u r p r i s i n g l y  c l o s e  t o  t h e  m easured  o n e s .  Im­
provements  a s  su g g es te d  above a r e  c u r r e n t l y  b e i n g  i n c o r p o r a t e d  i n t o  th e  
model.  With t h e s e  Improvements ,  a  c l o s e r  agreement  t o  o u r  e x p e r i m e n t a l  
numbers may be  ach ieved .
Appendix r .  ELECTRIC FIELD INHOMOGENEITIES 
DUE TO FRINGING EFFECTS
In t h i s  appendix*  we w i l l  c a l c u l a t e  t h e  av e rag e  e l e c t r i c  F i e l d  
i n  each o f  th e  e r y a t a l e  t a k i n g  t h e  F i n i t e  width o f  t h e  ohmic c o n t a c t s  
i n t o  a c c o u n t .  We w i l l  compare t h e  a v e r ag e  e l e c t r i c  f i e l d  t o  t h e  v a l u e  
o f  t h e  e l e c t r i c  f i e l d  a t  t h e  c e n t e r  o f  each  c r y s t a l  and i n  t h i s  way 
e s t i m a t e  t h e  s i a e  o f  t h e  e l e c t r i c  F i e l d  inhoiaogenei ty  due t o  f r i n g i n g  
e f f e c t s .
To s i m p l i f y  th e  c a l c u l a t i o n ,  vre assume a  u n i fo rm  s u r f a c e  c h a r g e  
d i s t r i b u t i o n  on each  p l a t e  e q u a l  t o  O'* . Edge e f f e c t s  a r e  n e g l e c t e d .
We make t h e  a p p r o x im a t io n  t h a t  each  c r y s t a l  i s  i n f i n i t e l y  long  s i n c e  i t  
i s  much l o n g e r  t h a n  i t  i s  w ide .
The c o o r d i n a t e  sy s tem  we a r e  u s i n g  i s  shown above .  The w id th  
o f  t h e  c o n t a c t  l a  t a k e n  t o  be  a ,  and t h e  w id th  o f  t h e  c r y s t a l  e q u a l s  d .
We d e f i n e  r  a s  t h e  d i s t a n c e  be tween t h e  s o u rce  p o i n t  and t h e  f i e l d  p o i n t .
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The o n l y  component o f  t h e  a v e r a g e  e l e c t r i c  f i e l d  t h a t  w i l l  c o n t r i b u t e  
i s  t h e  y  component .  By symmetry  we f i n d
( A1P1 )
x
The y component o f  the  e l e c t r i c  f i e l d  a t  a  g e n e r a l  p o i n t  be tween t h e  two 
p l a t e s  i a
I r  = fcos 6l(<rJx Ji)
6 L y  ^
(A1.2)
We show in  t h e  d ia g ra m  be low  a c r o s a  s e c t i o n  o f  t h e  c r y s t a l .
T
t
I
We d e f i n e  *'  as t h e  d i s t a n c e  from the  c e n t e r  o f  t h e  c r y s t a l  
t o  t h e  f i e l d  p o i n t .  The t h i c k n e s s  o f  t h e  c r y s t a l  i s  g i v e n  by t .  I n ­
c l u d i n g  a  f a c t o r  o f  two t o  a c c o u n t  f o r  b o t h  p l a t e s  we may w r i t e  t h e  y
component o f  t h e  e l e c t r i c  f i e l d  as
f - X ’
y  t r  J x  J j
E - i  j (A l .31
70
where
f t -  \ j x t  +  y  +  i *
E v a lu a t in g  t h e  i n t e g r a l  we f i n d  t h a t
TAH* 7 *) CAl.U)
I t  i s  u s e f u l  a t  t h i s  t ime t o  f i n d  th e  e l e c t r i c  f i e l d  in  th e  
c e n t e r  o f  each  c r y s t a l ,  i . e .  a t  x 1 = 0 ,  y = t / 2 .  At th e  c e n t e r  o f  th e  
c r y s t a l  t h e  e l e c t r i e  f i e l d  becomes
E  =  Sa-TAH
For c r y s t a l  I we have  a = d = 2 .5  ran and t  = 1 mm t h e r e f o r e  we f i n d
E : -  9 . ^ 2  C~
For c r y s t a l  I I ,  we have a -  2 , 0  mtn and t  * 1 mm t h e r e f o r e  eqn, A1.5 
becomes
e TT - 0 . 8 6  c r  ,
y i i
Let as compare t h e s e  va lues  o f  t h e  e l e c t r i c  f i e l d  t o  t h e  e l e c ­
t r i c  f i e l d  o f  an i d e a l i z e d  i n f i n i t e  p a r a l l e l  p l a t e  c a p a c i t o r .  For such 
a c a p a c i t o r ,  t h e  e l e c t r i c  f i e l d  between t h e  p l a t e s  i s  s im ply  e q u a l  to
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kirtr . I f  we compare 1+1T0" t o  t h e  above v a lu e s *  we f i n d  t h a t  c r y s t a l  I 
d i f f e r s  from t h e  i d e a l i s e d  case  by 2k% and t h a t  c r y s t a l  I I  d i f f e r s  from 
i t  by 30S* With such l a r g e  d i s c r e p a n c i e s , i t  i e  o b v io u s  t h a t  th e  i d e a l i s e d  
model i s  not J u s t i f i e d  and t h a t  t h e  e l e c t r i c  f i e l d  a t  t h e  c e n t e r  o f  
each c r y s t a l  i s  t h e  more a p p r o p r i a t e  f i e l d  t o  use i n  t h e  c a l c u l a t i o n  o f
each  c r y s t a l .  T h i s  i s  found  by i n t e g r a t i n g  eqn .  Al. l t  o v e r  a l l  x '  and 
y and d i v i d i n g  b y  the  c r o a s - a e c t i o n a l  a r e a .  We may w r i t e  t h e  average  
e l e c t r i c  f i e l d  a s  ,
A f t e r  c a r r y i n g  o u t  the i n t e g r a l ,  we f i n d  t h a t  th e  a v e r a g e  e l e c t r i c  f i e l d  
i s
1*4"
We a r e  i n t e r e s t e d  in  f i n d i n g  th e  a v e r a g e  e l e c t r i c  f i e l d  in
t i
U 1 . 7 )
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U sin g  t h e  n u m e r i c a l  v a l u e s  f o r  each  c r y s t a l  ve  f i n d  t h a t  t h e  a v e r a g e  
f i e l d  i a :
for c r y s ta l  1 E  ^ ■ 8 .68
and f o r  c r y s t a l  IT E __ = T - 2 8  0~y IT
The e l e c t r i c  f i e l d  we u s e  i n  eqn .  1 I I . 1  t o  f i n d  R ^ i s  t h e  
same e l e c t r i c  f i e l d  t h a t  we c a l c u l a t e d  a t  t h e  c e n t e r  o f  t h e  c r y s t a l .
We may now e s t i m a t e  by how much t h e  v a l u e s  s h o u ld  be  c o r r e c t e d  in  
o r d e r  t o  a c c o u n t  f o r  t h e  e f f e c t i v e  f i e l d  a c r o s s  t h e  c r y s t a l .  To f i n d  
t h i s  c o r r e c t i o n  f a c t o r ,  l e t  ua t a k e  t h e  r a t i o  o f  t h e  a v e r a g e  e l e c t r i c  
f i e l d  in  t h e  c r y s t a l  t o  t h e  e l e c t r i c  f i e l d  a t  t h e  c e n t e r  o f  t h e  c r y s t a l .
F o r  c r y s t a l  I  we f i n d
E t / e  t  = 0 . 9 1  y i  y i
F o r  c r y s t a l  I I  we f i n d
E t t / e  = 0 , 8 2y l l  y l l
What t h i s  means i s  t h a t  t h e  e f f e c t i v e  e l e c t r i c  f i e l d  a c r o s s  c r y s t a l  I  
i s  o n ly  9lU o f  i t s  peak v a l u e  and t h e  e f f e c t i v e  e l e c t r i c  f i e l d  a c r o s s  
c r y s t a l  I I  i s  o n ly  02^ o f  i t s  peak v a l u e .  With t h i s  app rox  innat io  n , i f  
we m u l t i p l i e d  o u r  R ^ v a l u e s  f o r  c r y s t a l  I  by 1 ,11  and t h o s e  f o r  c r y s t a l  I I  
by  1 .2 2  we sh o u ld  o b t a i n  t h e  c o r r e c t e d  R ^ v a l u e s .  S p e c i f i c a l l y ,  t h e  
v a l u e s  o f  become
01
E ^ f G a )  -  3 ,13  * 1010 cm 1
R ^ f A s )  = 3.55 x 10*° cm 1
6 9I t  1b worth n o t i n g  t h a t  i f  t h e  Ga v a lu e s  f o r  H ^ a r e  c o r ­
r e c t e d  fcy t h e  atove f a c t o r  f o r  each c r y s t a l *  th e n  t h e  two c r y s t a l s
71a g r e e  to  w i th in  5? and i f  Ga va lues  a r e  compared, t h e y  ag ree  to  
w i t h i n  3S o f  each o the r .
Appendix I I .  THE RELATIONSHIP BETWEEN A^ AND THE 
THE ELECTRIC-FIELD INHOM0GEKEITY
The f o l l o w i n g  s i m p l i f i e d  c a l c u l a t i o n  i l l u s t r a t e s  th e  r e l a ­
t i o n s h i p  between o u r  v a r i a b l e  pa ram ete r  A^ and a  phenomenolog ica l  decay  
f u n c t i o n  t h a t  might  be assumed f o r  t h e  decay o f  th e  s a t e l l i t e  components .  
Le t  us c o n c e n t r a t e  do J u s t  t h e  s a t e l l i t e  v e c t o r s .  Remember t h a t  t h e s e  
two s a t e l l i t e  v e c t o r s  a r e  t h e  r e s u l t  o f  a  sum o f  s p i n  v e c t o r s  from a l l  
t h e  a toms In th e  c r y s t a l  which a r e  u ndergo ing  the  nij = + 3/2 + 1 / 2
t r a n s i t i o n  and a re  p r e c e s s i n g  around th e  c e n t r a l  component o f  t h e  mag­
n e t i s a t i o n  a t  t h e  same a n g u l a r  f r equency .  Tf t h e  c r y s t a l  were in  a 
homogeneous e l e c t r i c  f i e l d ,  t h e  sum o f  a l l  t h e s e  t r a n s i t i o n - t y p e  o f  
s p in  v e c t o r s  would y i e l d  a r e l a t i v e  magnitude  o f  0 . 3  f o r  a l l  t ime f o r  
each o f  t h e  s a t e l l i t e  v e c t o r s .  However, t h e  c r y s t a l  i e  no t  in  a homo­
geneous  e l e c t r i c  f i e l d ,  c o n s e q u e n t l y ,  t h e  magnitude  o f  t h e s e  s a t e l l i t e  
v e c t o r s  decays .  The r e a s o n  f o r  t h i s  l a  t h a t  t h e  s p i n  v e c t o r s  which con ­
t r i b u t e  t o  t h e s e  s a t e l l i t e  l i n e s  a re  now p r e c e s a i n g  a t  many d i f f e r e n t  
a n g u l a r  f r e q u e n c i e s  r a t h e r  than  one unique  f req u en cy .
For s i m p l i c i t y ,  l e t  us c o n s id e r  a  s a t e l l i t e  composed o f  J u s t  
two f r e q u e n c i e s  ( s e e  t h e  f i g u r e  below).
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We w i l l  assume t h a t  t h e  main s a t e l l i t e  l i n e ,  w i t h  f r e q u e n c y  + »
r e p r e s e n t s  t h e  c o n t r i b u t i o n  from atoms v l t h l n  t h e  c e n t r a l  r e g i o n  o f  t h e  
c r y s t a l  (homogeneous  f i e l d  r e g i o n ] t w hereas  t h e  a d d i t i o n a l  s a t e l l i t e  
l i n e ,  w i th  f r e q u e n c y  COa + &  r e p r e s e n t s  t h e  c o n t r i b u t i o n  from
atoms o u t s i d e  t h e  c e n t r a l  r e g i o n  o f  t h e  c r y s t a l  ( f r i u g e - f i e l d  r e g i o n ) .
In  t h e  v e c t o r  n o t a t i o n  p r e s e n t e d  e a r l i e r  i n  t h i s  s e c t i o n ,  t h e  v e c t o r  sum 
o f  t h e s e  two l i n e s  e q u a l s  v e c t o r  E (o r  B ' ) ,  T h i s  a r t i f i c i a l  p i c t u r e  
p o s s e s s e s  f e a t u r e s  t h a t  a r e  u n p h y s i c a l  -  i n  p a r t i c u l a r  t h e  c o n t r i b u t i o n s  
from t h e  two l i n e s  w i l l  p e r i o d i c a l l y  v a ry  from cn i n  p h ase  c o n d i t i o n  t o  
an  o u t  o f  p h a s e  c o n d i t i o n  w i t h  e ac h  o th e r *  The f i g u r e  be low  i l l u s t r a t e s  
t h e  p o i n t *
A A A A
Xt* PHASt o«r or msE
In t h e  c a s e  o f  a  r e a l i s t i c  d i s t r i b u t i o n  o f  l i n e s  w i t h i n  t h e  s a t e l l i t e ,  
once t h e s e  s p i n  v e c t o r s  have  d e p h a s e d , t h e y  w i l l  rem a in  dephased  f o r
a l l  p r a c t i c a l  p u r p o s e s .  Let ua t a k e  as a  c h a r a c t e r i s t i c  t i m e  f o r  d e -  
p h a s i n g  t h e  t im e  r e q u i r e d  f o r  t h e  two l i n e s  t o  p a s s  from a c o n d i t i o n  In 
p hase  w i t h  e a c h  o t h e r  t o  an  o u t  o f  phase  c o n d i t i o n *  T h i s  w i l l  y i e l d  a 
r e a s o n a b l e  e s t i m a t e  o f  t h e  d e p h a s in g  t im e .
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For th e  sake  o f  i l l u s t r a t i o n ,  take  d e f i n i t e  v a l u e s  f o r  p a r a ­
m e te r s  a s  p ro v id e d  by a  p a r t i c u l a r  case -  t h a t  v i t h  V ■= 1200 v o l t s ,
6 9fo r  Ga, c r y a t a l  I .  I f  t h e  u n i t  of time i s  t a k e n  aE th e  e x p e r i m e n t a l  
c h a n n e l  number (which runs from 1 to 102L+), i t  i s  found t h a t  t h e  FID 
decays  i n  a p p ro x im a te ly  ^00 channels.  In t h a t  t im e ,  rough ly  t h r e e  
p e r i o d s  o f  o s c i l l a t i o n  a r e  observed. We may t h e r e f o r e  assume t h a t
^  ^  0 r a d i a n s ,  ( A 2 . l )
s i n c e  t h e  a n g u l a r  f requency  in  the  f i t t i n g  f u n c t io n  (A^) i s  a p p ro x im a te ly  
equa l  t o  0 0  , T h i s  g ives  t h e  values
CO ^  0 ,05  r a d / c h a n n e l
f o r  t  itQO c h an n e ls  . (A2.2)
Let u s  assume, f o r  t h e  sake o f  argument, t h a t  t h e  f requency  o f  t h e  second 
l i n e  i n  t h e  s a t e l l i t e  d i f f e r s  from that o f  t h e  f i r s t  l i n e  by a p p ro x im a te ly  
20 p e r c e n t .  With t h i s  assumption,  j  CD i s  roughly  equa l  t o  0 ,001 
r a d / c h a n n e l .  The t im e  dur ing  vhieh t h e  two l i n e s  o f  t h e  s a t e l l i t e
pass  from an i n  phase  c o n d i t i o n  to an out o f  phase c o n d i t i o n  w i th  each 
o t h e r  i s  g iven  by
^ ^  " t  =  ~ T f ■ ( A 2 . 3 )
T h e r e f o r e  t h e  v a l u e  o f  ' t  I s  given by
3 0 0  c h a n n e l s .  (A2,U)
0 . 0 0 1
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We have s a i d  t h a t  o u r  v a r i a b l e  pa ram e te r  f o r t e s  t h e  f u n c t i o n  
(eqn .  I I I . 3) t o  f i t  t h e  d a t a  o v e r  t h e  f i r s t  o s c i l l a t i o n  c y c l e .  We th u s  
c a l c u l a t e  t h e  t im e  T  r e q u i r e d  t o  p&gs front th e  "beginning o f  th e  FID 
t o  t h e  f i r s t  v a l l e y  o f  t h e  o s c i l l a t i o n *  In t h a t  t im e ,  c j T  has p a s s e d  
from 0 to  7 T  r a d i a n s . T h e r e f o r e , ve  f i n d
C O T  =  T  r a d  ^
or
c h a n n e l s .  ( A ? . 5)
Let us assume a  form f o r  t h e  decay  f u n c t io n  o f  t h e  s a t e l l i t e  due t o  f i e l d  
in h o m o g e n e i t i e s  auch aa
i ( t )  =  0 . t  e ' V r (A2*6)
T h i s  f u n c t i o n  i s  p u r e l y  phenomenologica l*  Nov, l e t  us  choose such 
t h a t  t h e  f u n c t i o n  w i l l  f i t  p e r f e c t l y  a t  t h e  v a l l e y  p o in t  o f  t h e  f i r s t  
o s c i l l a t i o n .  T h i s  g i v e s
~ V ttA 2 -fYTJ = 0.i e
o r
, ( A2,7 )
We now see  t h e  r e l a t i o n s h i p  between th e  v a r i a b l e  p a ra m e te r  A^ 
and t h e  decay  f u n c t io n *  I f  A^ i s  chosen a s  0 ,5  in  ou r  example ,  t h e n  ve
B6
would e x p e c t  t h e  f i t t i n g  f u n c t i o n  t o  f i t  t h e  f i r s t  o s c i l l a t i o n  o f  t h e  
FID v e r y  w e l l .  In  f a c t ,  f o r  c r y s t a l  I ,  t h e  v a lu e  o f  A^ t h a t  g i v e s  t h e  
b e e t  f i t  i s  found t o  h e  a p p r o x i m a t e l y  0 . 5 .
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